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Center for Building Science
Annual Report
FY 1988

Introduction

The Center for Building Science consists of four programs in the Applied Science
Division. It was established to provide an umbrella so that groups in different programs
but with similar interests could combine to perform joint research, develop new research
areas, share resources, and produce joint publications. As detailed below, potential sav-
ings for the U.S. society from energy efficient buildings are enormous. - But these savings
can only be realized through an expanding federal R&D program that develops expertise
in this new area. The Center for Building Science develops efficient new building com-
ponents, computer models, data and information systems, and trains needed building
scientists.

Rationale for Building Science

Buildings are the major energy consumer in the U.S. In 1985 our buildings sector
used $170 billion worth of energy, mainly as electricity. Of the total annual U.S. electri-
city sales of $150 billion, most ($110 billion) went to the building sector of our economy
for operating the equipment, lighting, and appliances (see Table 1). The use of fuels in
buildings is also substantial: $60 billion out of the total of $290 billion.

Since 1973, rising energy prices remarkably reduced our energy bills. In the case of
buildings, in the 13 years from 1973 to 1986, our stock of households has grown 30% but
residential energy use by only 6%. Commercial floor space has grown 40%, but commer-
cial energy use by only 23%. If we assume (incorrectly) that frozen efficiency would have
kept energy use constant per household and per unit floor area of commercial buildings,
then we find that our improved energy efficiency has saved 5 quads/year, worth
$32B/year. But in fact in the decade before 1973, the number of households grew 21%
and residential energy use grew 55%—almost 10% greater than the 46% real growth of
GNP. This rapid rise was presumably because we were installing central heating and cool-
ing and many large appliances. If we assume (more realistically) that “business as usual”
meant residential energy use proportional to GNP, then our improved building efficiency
has now saved us 6 quads/year, worth $43B/year.

Before 1973, energy prices were low and there was little interest in improving our
efficiency, so it was conventional wisdom that our energy use would grow at least as fast
as GNP. In Figure 1a (for the U.S.) the heavy solid line represents actual consumption
of total primary energy. The lighter solid line is simply GNP scaled to go through the
1973 energy use of 73 quadrillion BTU (73 quads). Backcast to 1965, we see that GNP
and energy use tracked nicely, corresponding to frozen efficiency, but forecast to 85 we
see GNP rising 33% while actual use has leveled off at 73 quads. Thus, we have achieved
an astounding 33% increase in efficiency, and a remarkable $150 Billion in savings, but
are still left with a $440 Billion annual energy bill.

In Figure 1, the broken lines represent oil plus natural gas, which are partially
interchangeable in our society since many boilers switch from one fuel to the other
depending on price. Despite a 33% growth in GNP, oil & gas use has declined even faster
than our (also declining) domestic production of fossil fuels (shown by the dotted line).

1-1



Table 1. U.S. Energy Expenses, 1985
Fuegl Electr'bcity Totsl )
- Sector ($10%) ($10) ($10%)
Buildings - 60 110 170
Residential 40 60 100
Commercial 20 50 70
Industry 70 40 110
Buildings 3 7 10
Trahsport 180 0 160
TOTAL 290 150 440

* Excluding Federal subsidies and rounded to the nearest 10 billion

Source: State Energy Price and Ezpenditure Report 1985, DOE/EIA-0376(85) October 1987.

Notes to Table 1:

1. To update these costs to 1986 in 1986% would raise the electricity costs, lower the fuel costs,
‘and probably give a few per cent total reduction. [Between 1980 and 1983, total energy bills rose
3% per year, electricity bills rose 6% per year, and the difference (fuel) dropped very slightly.]

2. In addition to the tabulated costs paid directly by customers in 1984, there were federal sub-
sidies (11%) of $44 billion, bringing the energy total to about $480 billion, larger than all public
and private expenditures for Health ($400B), Defense ($300B), Education ($200B), or Farm
Income {$140B). For source of $44B energy subsidies see Heede, Morgan, and Ridley, “The Hid-
den Costs of Energy,”’ Center for Renewable Resources, Washington, D. C., 20036 (1985).

3. Industrial buildings: In addition to 50 billion square feet of commercial buildings, there are 5
to 10 billion square feet of industrial buildings, probably closer to 10B ft2, resulting in the esti-
mate of $10B energy bill shown in the table.

1-2
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FIGURE 1. U.S. and OECD Energy Use: Actual and Projected by GNP. Projected
energy use is calculated on a GNP basis in constant 1985 dollars, with both forecast and "back-
cast” values from 1973. Primary energy (left-hand scales) includes fuel burned at the power
plant, in units of "quads” [quadrillion (10'® Btu)]. The oil and gas savings were converted from
quads to fractions of OPEC capacity using an estimated 1986 total OPEC capacity of 29 Mbod
(58 quads). For the right-hand scales, quads were converted to 1985 dollars using the 1985 U.S.
cost of energy (about $440 billion). The upper figure is for the U.S. and the lower figure shows
comparable data for the entire Organization for Economic Cooperation and Development
(OECD). In 1985, oil and gas savings for the U.S. were one-half of total OPEC capacity, and for
the OECD oil and gas savings were 5/6 of total OPEC capacity.

XCG 861-7060 C (U.S.), XCG 861-7060 B (OECD)
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Compared to 1973, we are now annually saving 1/2 of OPEC’s current capacity of 29 mil-
lion barrels of oil per day. It seems certain that if we had not reduced the need for this
oil and gas, it would have come only from imports, since our domestic production is
steadily declining.

Figure 1b tells the same story for the OECD, which includes all of North America,
Western Europe, and Japan. The OECD annual energy bill is $900 B, but (compared to
1973 efficiency) we have saved $250 B/year. Our oil & gas savings are 5/6 of current
OPEC capacity. Because of the North Sea, OECD production of oil and gas is still rising,
but nowhere near enough to to supply the amount we have saved. So, again, OECD
imports would be nearly 5/6 of OPEC capacity higher.

Figure 2 further illustrates, over a much longer time scale from 1949 to 1987, the
old “lock-step’’ relationship of energy use to GNP before 1973, and also shows the large
contribution from improved energy efficiency since 1973. Although one-third to one-half
of the savings from conservation since 1973 are due to structural changes in the economy,
the net effect in 1987 is a reduction in energy use of 27.4 quads and avoided CO, emis-
sions of almost 500 million tons. Figure 2 also shows that in 1987 the total amount of
energy from non-fossil sources was 35.6 quads—equal to one-third the energy we would
have used if we were still operating at 1973 efficiency levels. This highlights the impor-
tance of energy efficiency as the bridge to a renewable energy future.

What would we be paying for oil and gas if OPEC were at 100% of capacity and in
addition there were still a major shortage of oil? Figure 3 hints at the answer—OPEC
was able to affect dramatic price increases in those years where more than 80% of its
capacity was in use. This suggests substantial price increases every year above $25/bar-
rel, which we paid during the period from 1979 to 1984, disastrous increases of $100, 200
or even 300 Billion in our trade and budget deficits, and a global security problem, com-
pared to which the present problems in the Persian Gulf pale to insignificance.

How much time do we have before OPEC production again exceeds 80% of capacity?
From 1973 to 1985 world oil demand increased less than 1% per year, but in 1986 low oil
prices caused demand to increase by 3%. The recovery in oil prices during 1987 improved
the competitive positions of other fuels so that world oil demand rose by only 1.4% in
1987. Each percentage point increase in world oil demand is equivalent to 0.6 million
barrels of oil per day (Mbod). OPEC supplies over 30% of the world’s oil, and Figure 3
shows that current OPEC production is about 65% of capacity—3 Mbod below 80% of
capacity. If world oil demand continues to grow at between 1 to 3% per year, it will take
about 8 years for OPEC to reach or exceed 80% of capacity where large price increases
are likely to occur. )

How can these drastic increases be delayed? >From a technical standpoint, the
potential energy savings from both retrofitting existing buildings and constructing
efficient new buildings are remarkable. One way of estimating the savings that are real-
istically obtainable is by a “least-cost’’ scenario that maximizes life-cycle costs. A recent
study for the state of Michigan indicates that, by the end of a 20 year period of new con-
struction and retrofitting, the potential technical savings are 60% and a realistic scenario
could yield 35% savings.

‘Another continuing study by the Heat Island Program shows that one of the
cheapest ways to reduce peak-power demand and save kilowatts of air conditioning power
is to plant urban trees. This is discussed more thoroughly by Akbari et al in the Energy
Analysis chapter, but put very simply the recipe is: pay $15 to $75 to plant and water 3
trees around a house, wait 10 years for the trees to grow, and then save about 1 or 2 kW
of peak power and about 750 to 2000 kWh/year in air conditioning energy per house.
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OPEC Pricing Behavior
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FIGURE 3. OPEC Pricing Behavior, 1975 through March 1989. The figure
suggests that OPEC was able to maintain or increase prices only during those years
when 80% or more of its capacity was in use. If this still holds true we only have a 1 or

2 Mbod margin of safety before OPEC regains control of world oil prices. OPEC capa-
city is defined here as the ‘‘realistic’” maximum sustainable capacity that can be

achieved within 30 days, and sustained for a period of 90 days. Estimates of OPEC
capacity have varied over the past 15 years from a high of 39.3 Mbod in 1975 to a low of
28.0 Mbod in 1983 during the Iran-Iraq war. Current capacity is estimated to be 28.2
Mbod. These estimates are available from the U.S. Energy Information Agency, Office
of Energy Markets and End-Use, and are based on CIA data. All data shown are aver-

age values for the year, and recent data are averages for the month.
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Table 2 compares the cost of saving a kWh of electricity and a pound of carbon (as CO,)
for urban trees and several other familiar strategies such as efficient electric appliances
and efficient cars. From Table 2 it is clear that urban trees are the most cost-eflective
measure—about 10 times cheaper than nuclear power.

Improving our energy efficiency will also improve our economic competitiveness. In
1985, the U.S. used 11.2% of its GDP for energy and Japan used 5%. Figure 4 clarifies
this point and puts the efficiency, as measured by energy use per GDP, of other countries
in perspective. The details of the figure are explained in the caption, but the summary is
that we spend about 6% more of our GDP on energy than do the economical Japanese.
Japan’s per-capita income has come from behind and is now passing that in the U.S.
Nevertheless, we can be proud that we have the second best record of the nine countries
pictured, thanks to appliance and automobile labels, automobile standards (and imported
cars), building standards, federal and utility conservation programs, a vigorous R&D pro-
gram, and of course the market.

How has Japan become as productive as the U.S. on less than half the energy? The
answer lies in Japan’s unflagging commitment to energy efficiency. For example, between
1973 and 1985 energy use per pound of steel produced had declined by 15%, electricity
used to operate new refrigerators had dropped by 73%, and electricity used to run room
air conditioners had dropped 42%. Japanese new cars are already at 29 mpg and under
the influence of their gasoline prices of nearly $3/gallon will probably continue to climb,
whereas the U.S. CAFE standards are now stuck at 26 mpg.

Of course to achieve this efficiency the Japanese had to make investments, whose
repayment eats into about 20% of their savings. So instead of having 6% more of their
- GDP available than we do, they really have gained only about 5%. However, about half
of this gain is due to lifestyle differences—Japanese buildings are kept cooler in the winter
and warmer in the summer, their houses and apartments are smaller, and their appliances
and cars are smaller. In fact, on a volume basis our appliances and houses are either as
efficient or more efficient than the Japanese, the same is true on a horsepower basis of
most of our automobiles. This means that the Japanese probably have only a 3% edge
over the U.S. in terms of energy efficiency. This differential of 3% of GDP means that,
even if all else were equal, our products cost on average about 3% more than comparable
Japanese products, thus impairing our balance of payments and the dollar/yen ratio.

Let us examine in more detail what will happen in 10 or 20 years if OPEC regains
control and energy prices double. Without a continuing, vigorous conservation program,
our energy bill could zoom from 10% to 20% of GNP. We predict that the Japanese will
continue to invest in efficiency even during the glut, get down to 3% of GNP at today’s
cheap prices, and later climb back to only 6%. And they will be experienced at manufac-
turing and exporting energy-efficient products, which seem likely to be in demand. If this
occurs the competitive outlook will be very bleak indeed.

So a large part of the prescription for our economic problems is a continuing healthy
dose of improving energy efficiency in all sectors of the economy. The potential societal
savings are of great importance to our country. They will be manifest in a better balance
of trade (less purchase of foreign oil and more efficiently manufactured products), the
freeing of investment capital (less expenditures on the development of oil, gas, coal, and
electricity), enhancement of national security (less dependence on Middle East petroleum),
an extension of the energy services available from the Strategic Petroleum Reserve, and a

lessening of environmental insults.
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Energy Consumption and GDP: 1970-1985
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FIGURE 4. Primary Energy Use vs GDP (both per capita) for Nine Industrial
Countries. Each country is represented by a connected sequence of points beginning in
1970 and ending in 1985. The conversion from local GDP to dollars is based on July 1,
1987 exchange rates; earlier points are plotted using individual national deflators. The
lines labeled “U.S. energy use at 5%, 10%, 15% and 20% of GDP”, are based on an aver-
age price of primary energy in U.S. 1987 dollars, or $6.14/GJ. For oil, we use 1 ton-
equivalent = 42.6 GJ; hydroelectric and nuclear electricity are converted to primary
energy using IEA’s generation efficiency of 38.5%, except for Japan which is converted at
35.1%.

Sources: Price: U.S. DOE/EIA 1984, State E'nergy Price and Ezpenditure Report 1985,
October 1987. Income and Population: IMF International Financial Statistics, 1986.
Energy Consumption: OECD/IEA Energy Balanccs 1970-1985, 1987. Soviet Data UN
Dcmograph:c Yearbook, 1985.
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There is no question that conservation has been of tremendous benefit to our society
and that these benefits will continue only if energy related research is continued. Work in
the following areas will be especially valuable. Building energy research accelerates
energy and cost savings available through conservation by 1) developing innovative con-
cepts that lead to energy efficient products (e.g., advanced lighting systems, advanced
windows), 2) gaining an understanding of the performance of actual buildings, 3) predict-
ing the performance of new approaches (e.g., daylighting), and 4) developing the tools
(e.g., computer programs) for the design of efficient buildings and the formulation of stan-
dards for buildings. Also, research is critical to understanding the human health and pro-
ductivity in buildings, including 1) indoor air pollution, and 2) the relationship of lighting
to performance. Finally, analytic studies can help predict the impact of energy policies
and programs on society: for example consumers, the building industry, and the energy
utilities.

The work of the Center is organized into four programs:

1. Energy Analysis,

2. Building Energy Systems,
3. Windows and Lighting, and
4. Indoor Environment. .

There are approximately 170 people in these four programs which represent about 70% of
the effort of the Applied Science Division. Accomplishments of these programs during FY
1986 (ending September 30, 1986) are contained in the following four chapters, reprinted
from the Applied Science Division Annual Report. Activities that particularly involved
Center Staff are described in the next three sections.

California Institute for Energy Efficiency

In 1986, the Center Director, with others from the Applied Science Division and the
Universitywide Energy Research Group (UERG), conceptualized a research program on
energy end-use and efficiency that would address the needs of California. An organizing
committee was formed and the concept was named the California Institute for Energy
Efficiency (CIEE). The goals of this institute were to:

1) carry out a mid-term research program based primarily on the expertise of LBL and
the UC campuses, but involving other California research and education institutions;
2)  receive financial support from California energy utilities (e.g. PG&E);

3) receive institutional backing from the California Public Utilities Commission

(CPUC) and the California Energy Commission (CEC);
4) establish mechanisms for transferring research results to utilities; and
5)  benefit California ratepayers through lower energy costs.

It was difficult to devise an organizational entity that was simultaneously compatible
with CIEE’s intended purpose and acceptable to the utilities, LBL, UERG, and the
University of California Office of the President (UCOP). During FY 88 the organizing
committee, working with William Frazer (Senior Vice President of Academic Affairs),
solved this problem by establishing CIEE as a provisional Organized Research Unit
(ORU) that is a "branch” of UERG on the LBL "campus™.

At the same time the organizing committee was giving birth to CIEE, eflorts were under-
way to obtain funding from California utilities and commissions. These efforts resulted in
LBL funding amounting to $785K by the end of FY 1988 (this does not include UERG
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funding). At this point, the future of CIEE as an established research institute seems
assured.

Testimony A
Testifying before congressional committees and before state utility commissions is an
important activity of the Center for Building Science. During 1988 the director testlﬁed
before the following committees on behalf of the following organizations: .

1) Before the Subcommittee on Energy and Power of the Committee on Energy and
Commerce, U.S. House of Representatives, Washington D.C.

2)  On behalf of the State of Connecticut Office of Policy and Management, Department
of Public Utility Control, regarding application of Connecticut Light & Power Com-
pany to amend its rate schedules.

3)  Before the Subcommittee on Fisheries, Wildlife Conservation and the Environment
of the Committee on Merchant Marine and Fisheries, U.S. House of Representatives.
Washington, DC.

4)  On behalf of the Conservation Law Foundation for the Massachusetts Department
of Public Utilities investigation into the pricing and ratemaking treatment to be
afforded new electric generating facilities which are not qualifying facilities.

5)  On behalf of the State of Michigan Public Service Commission regarding its hear-
ings in the matter of the application of Midland Cogeneration Venture Ltd. partner-
ship for approval of capacity charges contained in a power purchase.

6) On behalf of the Conservation Law Foundation of New England and the Natural
Resources Council of Maine before the State of Maine Public Utilities Commission
regarding the petition by the Central Maine Power Company for a certificate of
public convenience and necessity for purchase of generating capacity and energy
from Hydro Quebec.

7)  Before the Wisconsin Public Service Commission’s hearings on Advance Plan 5

8) At the public hearing on the California Energy Commission’s 1988 Conservation
Report.

9)  On behalf of the Conservation Law Foundation and the Vermont Natural Resources
Council, Vermont Public Interest Research Group, before the State of Vermont Pub-
lic Service Board regarding the investigation into least-cost investments, energy
efficiency, conservation, and management of energy demand

More details of these activities can be obtained by requesting pubhcatlons listed at the
end of this section.

Least Cost Utility Planning

During 1988 the National Association of Regulatory Utility Commissioners (NARUC)
convened in San Francisco for their annual meeting. Members of the NARUC Conserva-
tion Committee were invited to Lawrence Berkeley Laboratory for a full day of presenta-
tions describing least cost utility planning (LCUP) research conducted by programs of the
Center. Twenty one NARUC members (including several commissioners) accepted the
invitation. Proceedings of the meeting were presented to all attendees. Sessions went
well and the overall reaction of the participants was very enthusiastic. In fact Commis-
sioner Stone, Illinois Commerce Commission, sent a thank you letter that said in part:



"The program was really well planned and consi‘stently engrossing. I think it obvi-
ous that interest was high and enthusiasm great...

Funding was obtained for a project to create a LCUP Information Systems Network
because of efforts by the Director of the Center and others. The goal of this project is to
update and merge technology data bases from such institutions as EPRI, GRI, LBL in
this country and similar institutions in other countries. During F'Y 88 contacts were esta~
blished with representatives of EPRI, GRI, and NARUC and discussions are underway to
devise a procedure for combining information in the databases of these three institutions.
In addition the establishment of a least cost journal is being actively pursued by the
Center Director and Stephen Wiel, Commissioner, Nevada Public Service Commission.
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PUBLICATIONS LIST
CENTER FOR BUILDING SCIENCE

This list of publications covers the period from January 1980 to July 1988. For earlier or
more recent Center Publications, please call (415) 486-4834. A cumulative list of publica-
tions for the programs in the Center may also be obtained by calling this number.

Publications and Testimony
(Popular articles follow)

198

LBL-25228

8

“Promoting Efficiency Investments in New
Buildings”, J. Koomey .and A. Rosenfeld,
August 1988, To be presented at the 1988
ACEEE Summer Study on Energy
Efficiency in Buildings Pacific Grove, CA.,
August 28-September 3, 1988 (draft).

LBL-25179

“The Impact of Summer Heat Islands on
Cooling Energy Consumption and Global
CO2 Concentration”, H. Akbari, J. Huang,
P. Martien, L. Rainer, A. Rosenfeld, and H.
Taha, September 1988, To be presented at
the 1988 ACEEE Summer Study on Energy
Efficiency in Buildings. Pacific Grove, CA.,

- August 28-September 3, 1988, (draft).

LBL-24920

“Developing Demand-Side Energy Resources
in the United States: Trends and Policies”,
E. Mills, J. Harris, and A. Rosenfeld, April
1988, Accepted . for publication in Energie
Internationale, 1988-1989, April 19, 1988
(draft).

LBL-24008- ‘

‘‘Residential Cooling Loads and the Urban
Heat Island: The Effect of Albedo”, H.
Taha, H. Akbari, A. Rosenfeld, and J.

- Huang, January 1988, Accepted for publica-

LBL *

tion in Butlding and Environment.

“Energy Efficiency, Competition, and
Least-Cost Planning”’, A. ‘Rosenfeld, E.
Mills, R. Mowris, and J. Koomey, April
1988, Presented at the NARUC Least Cost
Utility Planning Conference, Aspen, CO.,
April 10-13, 1988.

LBL * - L
“Energy Efficiency Versus Draining Ameri-
ca’”’, A. Rosenfeld, March 31 1988, Tes-
timony for Oversight Hearing on Oil
Development in ANWR and National Ener-
gy Policy; Subcommittee on Fisheries and
Wildlife Conservation and the Environment,
Committee on Merchant Marine and
Fisheries, U.S. House of Representatives
Washington, DC.

LBL * - ' :
“Urban Trees and Light-Colored Surfaces:
Inexpensive and Effective Strategies for
Reducing Summer Heat Island, Cooling En-
ergy Consumption, and Global CO2 Con-
centration”, H. Akbari, J. Huang, P. Mar-
tien, L. Rainer, A. Rosenfeld, and H. Taha,
May 1-3 1988, Presented at the EPA/LBL
Workshop on Energy Efficiency and Struc-
tural Change: Implications for the Green-
house Problem. Berkeley, CA.

LBL *
“Energy Efficiency: The Progress and the
Promise’’, A. Rosenfeld, E. Mills, and R.
Mowris, May 1-3 1988, Presented at the
EPA/LBL Workshop on Energy Efficiency
and Structural Change: Implications for the
Greenhouse Problem. Berkeley, CA.

LBL *

“Testimony on behalf of the State of Michi-
gan Public Service Commission regarding its
hearings in the matter of the Application of
Midland Cogeneration Venture Ltd’’, A.
Rosenfeld, June 13 1988, Partnership for
Approval of Capacity Charges Contained in
a Power Purchase Agreement with Consu-
mers Power Company, Case #U-8871 et al.,
Lansing, MIL.

LBL *

“Testimony”’, A. Rosenfeld, May 2 1988,
Testimony on behalf of the Conservation
Law Foundation to the Massachusetts
Department of Public Utilities investigation
into the pricing and ratemaking treatment
to be afforded new electric generating facili-
ties which are not qualifying facilities.
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LBL *

LBL *

LBL *

LBL *

LBL *

LBL *

“The Importance of Research and Develop-
ment in Advancing Energy Efficiency”, I.
Harris, E. Mills, R. Mowris, A. Rosenfeld,
H. Geller, M. Ledbetter, June 1988,
DRAFT.

“Testimony on behalf of the Conservation
Law Foundation of New England and the
Natural Resources Council of Maine regard-
ing the Petition for Certificate of Public
Convenience and Necessity for Purchase of

Generating Capacity and Energy from Hy-

dro Quebec”, A. Rosenfeld, May 16 1988,
Before the State of Maine Public Utilities
Commission, Central Maine Power Com-
pany, Augusta, Docket No. 88-111 ME.

“Testimony on behalf of the Conservation
Law Foundation and the Vermont Natural
Resources Council, Vermont Public Interest
Research Group, regarding the Investigation
into  Least-Cost Investments, Energy
Efficiency, Conservation, and Management
of Energy Dem”, A. Rosenfeld, July 25
1988, before the State of Vermont Public
Service Board, Docket No. 5270, Montpelier,
VT..

“Energy Efficiency and Least-Cost Plan-
ning”’, A. Rosenfeld, R. Mowris, and J.
Koomey, July 12 1988, Comments prepared
for the California Energy Commission, Con-
servation Programs Committee, Public
Hearing on the Draft 1988 Conservation Re-
port, Sacramento, CA.

“Energy-Efficient Buildings”’, A. H. Rosen-
feld and D. Hafemeister, 1988, Scientific
American, Vol. 258, No. 4, April 1988, pp.
78-85.

“Promoting Efficiency Investments in New
Buildings: A New Policy to Improve Build-
ing Efficiency, Reduce Pollution, and Avoid
Power Plant Construction’, A. Rosenfeld
and J. Koomey, August 4 1988, testimony
on behalf of Wisconsin’s Environmental De-
cade before the Wisconsin Public Service
Commission’s Hearings on Advance Plan 5,
Docket No. 05-EP-5, Madison, WI.

1987

LBL-24755b :
“Conservation, Competmon and National
Security’, A. Rosenfeld, November 4 1987,
{Some concludmg remarks made at the 15th
Annual Illinois Energy Conference, Universi-
ty of Illinois at Chicago, November 10-11,
1987.] Published in Strategic Planning and
Energy Management Journal Vol. 8, No. 1,
1988, pp. 5-30.

LBL-24755a

“Conservation, Competition and Na.tlonal
Security’”’, A. Rosenfeld, November 4 1987,
Testimony for the Hearing on Energy Secu-
rity: The Role of Conservation in the Na-
tional Energy Picture; Subcommittee on En-
ergy and Power, Committee on Energy and
Commerce, U.S. House of Representatlves
Wa,shmgt,on D.C.

LBL-23025

“Analysis of Michigan’s Demand-Side Elec-
tricity Resources in the Residential Sector:
Volume I, Executive Summary”’, F. Krause,
A. Rosenfeld, M. Levine, May 1987, Report
prepared for the State of Michigan Depart-
ment of Commerce and Public Service Com-
mission. -

LBL-22932

““Managed Versus Unmanaged 7-Year Elec-
tric Growth: Californians Needed 3 New
Plants, Texans Needed 11", E. Mills and A.
H. Rosenfeld, February 1987, Excerpted in
Physics and Society, a quarterly publication
of the American Physical Society, Vol. 16,
Number 2, pp. 3-4, April, 1987.

LBL-21291

“The Potential of Vegetation in Reducing
Summer Cooling Loads in Residential
Buildings(Revision of #251.)”, J. Huang, H.
Akbari, H. Taha, A. Rosenfeld, March 1987,
Journal of Climate and Applied Meteorology,
Vol. 26, No. 9 (September 1987), pp. 1103-
1116. -

LBL *

“Testimony’’, A. Rosenfeld, December 1987,
Testimony on Behalf of the State of Connec-
ticut Office of Policy and Management,
Department of Public Utility Control, re-
garding Application of Connecticut Light &
Power Company to Amend Its Rate
Schedules, December 9-10, 1987.
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LBL *

“‘Conservation and Competitiveness’’,
Arthur H. Rosenfeld, July 1987, Testimony
for the Hearing on Economic Growth Op-
portunities in  Energy  Conservation
Research, House Budget Committee Task
Force on Community and Natural
Resources. Washington, D.C. July 15,
1987. :

LBL *

“‘Energy-Efficient Buildings: The Case for
R&D"”, A. Rosenfeld, March 1987, Tes
timony for Hearing on Conservation and
Renewables, Subcommittee on Energy
Research and Development, Senate Commit-
tee on Energy and Natural Resources.
Washington, DC, March 26, 1987.

LBL *

‘“Federal Research and Development on En-
ergy Efficiency: A $50 Billion Contribution
to the U.S. Economy(Revision of #249.)”,
A. Rosenfeld, H. Geller, J. Harris, M.
Levine, January 1987, Presented at
ASHRAE Annual Meeting (January 1987)
and published in ASHRAE Transactions
1987, V. 93, Pt. 1, pp. 1011-1024.

LBL *
““The Successes of Conservation’’, A. Rosen-
feld, May 1987, Published in Proceedings of
the Workshop on Integrated Energy
Resources Planning for Electricity on Oahu,
pp. 40-98. Honolulu, HI, May 20-21, 1987.

LBL *
‘“The Role of Federal Research and Develop-
ment in Advancing Energy Efficiency: A
$50 Billion Contribution to the US Econo-
my’’, H. Geller, J. Harris; M. Levine, A.
Rosenfeld, 1987, Annual Review of Energy
1987, Vol. 12, pp. 357-395.

LBL *
“Testimony’’, A. Rosenfeld, June 1987,
Direct Testimony Before the Public Service
Commission of the District of Columbia on
Behalf of the Office of the People’s Counsel
(OPC), Formal Case No. 834, Phase II, New
. Issue 16 Washington, D.C. June 18, 1987.

LBL *

““The Successes of Conservation’’, A. Rosen-
feld and E. Mills, July 1987, Published in
‘Demand-Side ‘Management and Electricity
End-Use Efficiency,” Proceedings from the
NATO Advanced Study Institute (Eds. A. de
Almeida and A. Rosenfeld), pp. 17-61. Po-
voa do Varzim, Portugal, July 20-31, 1987.

LBL *

“The Potential for Electrical Efficiency in
the Residential Sector Case Study Michigan, .
USA”, F. Krause, W. Colborne, A. Rosen-
feld, July 1987, Published in ‘Demand-Side
Management and Electricity End-Use
Efficiency,’” Proceedings from the NATO Ad-
venced Study Institute (Eds. A. de Almeida
and A. Rosenfeld), pp. 621-642. Povoa do
Varzim, Portugal, July 20-31, 1987.

1986

LBL-21893
“Undoing Uncomfortable Summer Heat Is-
lands Can Save Gigawatts of Peak Power”,
H. Akbari, H. Taha, J. Huang, A. Rosen-
feld, August 1986, Published in Proceedings
of the American Council for an FEnergy-
Efficient Economy 1986 Summer Study on
Energy Efficiency in Buildings, Vol. 2, pp.
2.7-2.22, Santa Cruz, CA, August 17-23,
1986.

LBL-21831
“Technical Potential for Electrical Energy
Conservation and Peak Demand Reduction
in Texas Buildings'’, B. Hunn, M. Baugh-
man, S. Silver, A. Rosenfeld, and H. Akbari,
February 1986, Report to the Public Utility
Commission of Texas.

LBL-20557

“Avoided Gigawatts Through Utility Capi-
tal Recovery Fees’’, A. H. Rosenfeld and M.
E. Verdict, August 1986, Published in
Proceedings of the American Council for an
Energy-Efficient Economy 1986 Summer
Study on Energy Efficiency sin Buildings,
Vol. 8, pp. 8.195-8.202, Santa Cruz, CA,
August 17-23, 1986.

LBL-20525
“Planning For Oil Overcharge Funds: The
California Experience’”’, Edward Vine, Jay-
ant Sathaye, and Arthur H. Rosenfeld, 1986,
Published in Energy, Vol. 11, No. 10, pp.
977-984. .

LBL-20507
“Smart Meters and Spot Pricing: Experi-
ments and Potential”’, A. H. Rosenfeld, D.
A. Bulleit, and R. A. Peddie, March 1986,
Published in IEEE Technology and Society
Magazine, Special Issue on Efficient Use of
Energy, Vol. 5, No. 1, (Ed. R. H. Williams).



LBL-20364

“Ventilation Strategies for Different Cli-
mates’’, H. Feustel, M. Modera, and A.
Rosenfeld, April 1986, Published in
Proceedings of the ASHRAE I[AQ ’86
Conference: ‘Managing Indoor Air for
" Health and Energy Conservation,’ Atlanta,
GA, pp. 342-363, April 20-23, 1986.

LBL *
“Federal R&D on Energy Efficiency: A $50
Billion Contribution to the U.S. Economy
(A White paper on the Consequences of Pro-
posed FY 1987 Budget Cuts) [Parts A&ZB]”,
A. Rosenfeld, J. Harris, M. Levine., March
1986, Written by the American Council for
an Energy-Efficient Economy and the Ener-
gy Conservation Coalition. March 4, 1986..

. LBL * ;

“Residential Conservation Power Plant
Study, Phase I -- Technical Potential”’, H.
Geller, A. Almeida, B. Barkovich, C. Blum-
stein, D. Goldstein, A. Meier, P. Miller, O.
de la Moriniere, A. Rosenfeld, and L.
Schuck, February 1986, Report prepared for
Pacific Gas and Electric Company by the
American Council for an Energy-Efficient
Economy. :

LBL * v
“Testimony’’, A. H. Rosenfeld, April 1986,
address to the Electricity Demand & Supply
Session, Legislative Assembly of Ontario,
Select Committee on Energy pp. 27-49,
April 9, 1986.

1985

LBL-20527
“California’s Petroleum Violation Escrow
Account (PVEA) Evaluation Report”,
Arthur Rosenfeld, Jayant Sathaye, and Ed-
ward Vine, March 1985, Consultant Report
(two wolumes) prepared for the California
Energy Commission, March 15, 1985.

LBL-20508

“Electrical Energy Conservation and Peak
Demand Reduction B. Potential for Build-
ings in Texas: Preliminary Results”, B. D.
Hunn; M. L. Baughman, S. C. Silver, A. H.
Rosenfeld, and H. Akbari, September 1985,
‘Published in the Proceedings of the Second
Annual Symposium, Improving Building En-
ergy Efficiency 'n Hot and Humid Climates,
Texas A&M University. College Station,
TX, pp. 271-278, September 24-26, 1985.

LBL-20506

“Residential Energy Efficiency: Progress
Since 1973 and Future Potential”’, Arthur
H. Rosenfeld, April 1985, Chapter 6 from
the Proceedings of the APS Short Course
‘Energy Sources: Conservation and Renew-
ables,” AIP Conference Proceedings No. 185,
Washington, DC, April 27-28, 1985.

LBL-20505

“Energy Conservation in Large Buildings”,
A. Rosenfeld and -D. Hafemeister, April
1985, Chapter 8 from the Proceedings of the
APS Short Course ‘Energy Sources: Conser-
vation and Renewables,” AIP Conference
Proceedings No. 185, Washington, DC,
April 27-28, 1985. :

LBL-19448
“The High Cost-Effectiveness of Cool
Storage in New Commercial Buildings”’, O.
de la Moriniere and A. H. Rosenfeld, June
1985, Presented at ASHRAE Annual Meet-
ing, Honolulu, HI, ASHRAE Transactions
HI-85-15 No. 4.

LBL-19135
“Shifting Peak Power: At the Meter,
Beyond the Meter, and At the Checkbook”,
A. H. Rosenfeld, May 1985, Presented at the
PG&E Energy Expo (Session 220: Load
Management with HVAC), Oakland, CA,
May 22, 1985.

LBL * :
“Energy-Efficient U.S. Buildings and Equip-
ment; Progress Toward Least Lifecycle
Cost”’, A. H. Rosenfeld, June 1985, Proceed-
ings of the Soviet-American Symposium on
Energy Conservation, Moscow Published as
a special issue of Energy, Eds. R. Socolow
and M. ‘Ross, Vol. 12, No. 10/11, pp. 1017-
1028, 1987.

LBL *

“Statement on the Least Cost Utility Plan-
ning Initiative,”, A. H. Rosenfeld and M. D.
Levine, September 1985, Testimony before
the Subcommittee on Energy Development
and Applications of the Committee on Sci-
ence and Technology, U.S. House of
Representatives Washington, D.C. Sep-
tember 26, 1985.
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LBL *

““Technological Frontiers and the Public
Utilities: The Regulatory Challenge”, A. H.
Rosenfeld, March 1985, address to the ‘Con-
servation, Load Management and Improved
Metering for Electric Utility Customers’ ses-
sion, pp. 115-130, a CPUC-sponsored sym-
posium at Stanford University, Stanford,
CA, March 28-29, 1985.

1984

L.BL-18669

““Home Energy Rating Systems: Sample Ap-
proval Methodology for Three Tools”, Y. J.
Huang, B. Dickinson, C. Hsui, A. H. Rosen-
feld, B. S. Wagner, August 1984, published
in Doing Better: Setting An Agenda for the
Second Decade, Proceedings from the 1984
ACEEFE Summer Study on Energy Efficiency
in Buildings, Vol. B, pp. B135-B143 Santa
Cruz, CA.

LBL-17553 )

" “‘Statement on the DOE FY'’85 Conserva-
tion Budget Request for Buildings & Com-
munity Systems’”, A. H. Rosenfeld, Febru-
ary 1984, Testimony for Hearings on DOE
Conservation & Solar Energy Budget for
FY’'85 by the U.S: House of Representatives,
Subcommittee on Energy Conservation &
Power of the Committee on Energy & Com-
merce.

LBL *
“Saving Peak Power: At the Meter, Beyond
the Meter, and At the Checkbook’”, A. H.
Rosenfeld, August 1984, Plenary session talk
presented at the 1984 ACEEE Summer
Study on Energy-Efficient Buildings, Santa
Cruz, CA. .

LBL * '

“Home Energy Ratings: A promising Ap-

proach to Energy Conservation’”, AH.

Rosenfeld and Linda Schuck, April 1984,

. published in the Energy Conservation Bul-
letin, a publication of the Energy Conserva-
tion Coalition, Vol. 3, No. 5.

LBL * :
“Saving Peak Power: At the Meter, Beyond
the Meter, and At the Checkbook’”, A. H.
Rosenfeld, August 1984, plenary session talk
-presented at the 1984 ACEEE Summer
Study on Energy-Efficient Buildings, Santa
Cruz, CA.

1983

LBL-16121

“Summary of International Data on Moni-
tored Low-Energy Houses: A Compilation
and Economic Analysis’’, J. C. Ribot, A. H.
Rosenfeld, F. Flouquet, and W. Luhrsen.,
1983, presented at 1983 International
Conference on Earth Sheltered Buildings,
Sydney, Australia, August, 1983.

LBL-16064 v

“Technology for Energy-Efficient
Buildings--Progress and Potentials--Many
Suggestions and Some Opportunities for
Collaboration’, A. H. Rosenfeld, 1983,
Presented at the France-California Colloqui-
um sponsored by AFME, Sophia Antipolis,
France, May 16, 1983.

LBL-15412R
““The Assessment of progress in Energy-
Efficient Buildings, Leonard W. Wall and
Arthur H. Rosenfeld, 1983, Presented at the
Second International Congress on Building
Energy Mangement, Ames, lowa. May 30- ~
June 3, 1983.

LBL-15374
“Progress in Energy Efficient Buildings’’, L.
W. Wall and A H. Rosenfeld, 1983,
Presented at the Association of Energy En-
gineers, 5th Energy Audit Symposium and
Productivity Exposition, Los Angeles, CA,
February 17-18, 1983.

LBL-15183
“Energy Efficiency in Chinese Apartment
Buildings, Parametric Runs with the DOE.2
Computer program’, Yu J. Huang, Metin
Lokmanhekim, Antonio Canha de Piedade,
Arthur H. Rosenfeld, Dien Tseng, 1983,
" Presented at First U.S.-China Conference on
Energy, Resources and Environment, Beij-
ing, China, November 7-12, 1982 Published
in Chinese in The World Architecture, 1983.

LBL-10738 :
“Supplying Energy Through Greater
Efficiency: The potential for Energy Conser-
vation in California’s Residential Sector’’,
A. Meier, J. Wright, and A. H. Rosenfeld,
1983, University of California press, 200
pages, December, 1983 (Supersedes LBL-
10738).



LBL-08913
“Storage of Heat and Coolth in Hollow-Core
Concrete Slabs: Swedish Experience and Ap-
plication to Large, American-Style Build-
ings”’, L. O. Andersson, K. G. Bernander, E.
Isfalt, A. H. Rosenfeld, June 1983, LBL.

1982

LBL-15182
‘“Technology for Energy-Efficient Build-
ings”’, Arthur H. Rosenfeld, 1982, Presented
at the First U.S.-China Conference on Ener-
gy, Resources, and Environment, November,
1982.

LBL-14914 . :
“Technical Issues for Building Energy Use
Labels’’, B. S. Wagner and A. H. Rosenfeld,
1982, Published in What Works: Document-
ing Energy Conservation in Buildings, the
Proceedings from the Second ACEEE Sum-
mer Study on Energy Efficient Butldings,
(Editors: J. Harris, C. Blumstein), pp. 388-
402. Santa Cruz, CA. August, 1982.

LBL-14838

“Validation of Building Energy Analysis
Techniques: A Summary Report of Build-
ing Energy Compilation and Analysis--part
V (BECA-V)”, B. S. Wagner and A. H.
Rosenfeld, 1982, Abstract Published in
What Works: Documenting Energy Conser-
vation in Buildings, Proceedings from the
Second ACEEE Summer Study on Energy-
Efficient Buildings, Editors: J. Harris, C.
Blumstein, p. 535, Santa Cruz, CA, Au-
gust, 1982. :

LBL-14788
“Monitored Low-Energy Houses in North
America and Europe: A Compilation and

Economic Analysis’”, J. C. Ribot, A. H. -

Rosenfeld, P. Flouquet, W. Luhrsen, 1982,
Published in What Works: Documenting En-
ergy Conservation in Buildings, Proceedings
from the Second ACEEE Summer Study on
Energy-Efficient  Buildings (Editors: J.
Harris, C. Blumstein) pp. 242-256, Santa
Cruz, CA, August, 1982.

LBL-1

LBL-1

LBL-1

LBL-1
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“A Summary Report of Building Energy
Compilation and Analysis (BECA)--part B:
Existing North American Residential Build-
ings’’, L. W. Wall, C. A. Goldman, and A.
H. Rosenfeld, 1982, Published in What
Works: Documenting Energy Conservation
in Buildings, the Proceedings from the
Second ACEEE Summer Study on Energy
Efficient Buildings (Editors: J. Harris, C.
Blumstein), pp. 81-94. Santa Cruz, CA.
August, 1982.

4576

“Monitored Superinsulated and Solar
Houses in North America: A Compilation
and Economic Analysis’’, J. C. Ribot, J. G.
Ingersoll, and A. H. Rosenfeld, 1982,
Presented at PASSIVE ’'82, the National
passive Solar Conference, Knoxville, TN,
August 29-September 3, 1982.

4111

“Infiltration and Indoor Air Quality in a
Sample of Passive Solar and Superinsulated
Houses”, B. S. Wagner and A. H. Rosenfeld,
1982, Presented at PASSIVE '82, the Na-
tional Passive Solar Conference, Knoxville,
TN, August 29-September 3, 1982.

3385

“Building Energy Compilation and Analysis
(BECA) part B: Existing North American
Residential Buildings”, Leonard W. Wall,
Charles A. Goldman, Arthur H. Rosenfeld,
and Gautam S. Dutt, July 1982, Published
in Energy & Buildings, 5 (1983), pp. 151-
170.

“(DRAFT, 3/19/82) A March 1982 Update
of Our April 1981 Testimony: Accelerating
the Building Sector’s Sluggish Response to
Rising Energy Prices (Testimony before the
Interior Appropriations Committee, U.S.
House of Representatives).”, A. H. Rosenfeld
and M. D. Levine, March 1982, LBL.

“Building Energy Rating Systems: Panel
Summary.”, A. H. Rosénfeld and L. Schuck,
1982, Reproduced from Proceedings of
ACEEE 1982 Summer Study on Energy-
Efficient Buildings, Santa Cruz, CA, August
22-28,.




1981

LBL-13608 .
“Supply Curves of Conserved Energy for
California’s Residential Sector’’, Alan Meier,
Arthur H. Rosenfeld, Jan Wright, December
1981, Published in -Energy, Vol. 7, No. 4,
pp. 347-358, 1982.

LBL-13385
“Building  Energy  Compilation  and
Analysis, Part B: North American Residen-
tial Retrofit”’, Leonard W. Wall, Charles A.
Goldman, Arthur H. Rosenfeld, Gautam S.
Dutt, 1981, Presented at ICEUM III, the
International Conference on Energy Use
Management, West Berlin, October 26,
1981.

LBL-12889
‘“Technical  Opportunities for - Energy
Efficient Buildings, A Least-Cost Scenario,
1980-2000"", A .H. Rosenfeld, D. Claridge, P.
Cleary, J. Deringer, K. Gawell, D. Gold-
stein, J. Harris, H. Kelly, W. Metz, and J.
Wright, September 1981, Published in

Proceedings of the 1981 International Gas

Research Conference, pages 1504-1512,
sponsored by Gas Research Institute, Ameri-
can Gas Association, and U.S. Department
of Energy, Los Angeles, CA..

LBL-12739
“‘Accelerating the Buildings Sector’s Slug-
gish Response to Rising Energy Prices”, A.
H. Rosenfeld and M. D. Levine, April 1981,
Testimony before the Interior Appropria-
tions Committee, U.S. House of Representa-
tives.

LBL-06840
“TWOZONE Users Manual (2nd edition, re-
vised)”’, Ashok J. Gadgil, Gay Gibson, and
Arthur H. Rosenfeld, October 1981, LBL.

LBL *
“Progress in Energy-Efficient Buildings -
The Potential for Saving 8 Million Barrels a
Day by 2000, at a Cost of $10 Per Con-
served Barrel”’, A. H. Rosenfeld, June 1981,
abstract of talk to Atomic Industrial Forum.

LBL * _ .
“Impact of FY'82 and FY’83 Budget Cuts
on Conservation Programs at Lawrence
Berkeley Laboratory’, A. H. Rosenfeld, De-
cember 1981, Testimony before the Subcom-
mittee on Conservation and Power, Com-
mittee on Energy and Commerce, U.S.
House of Representatives.

LBL *
: “A New Prosperity: Building A Sustainable
Energy Future”’, A. H. Rosenfeld, 1981, The
SERI Solar/ Conservation Study, Buildings
Section (pp. 11-175), Brick House Publish-
ing.

LBL *
“Saving Oil & Money Through Energy
Efficient Buildings”, A. H. Rosenfeld, speak-
er, October 1981, Lawrence Hall of Science
Symposium Celebrating the 50th Anniver-
sary of LBL.

LBL *
““House Doctor Demonstration, Training,
and Retrofit Monitoring Project, a coopera-
tive project between LBL and PG&E', A.
H. Rosenfeld, June 1981, LBL.

LBL *
“Energy Efficiency: The Impact of Conser-
‘vation”, Arthur H. Rosenfeld, February
1981, Academy Forum, National Academy
of Sciences, Moderator: Harvey Brooks. Na-
tional Academy Press, Washington, D.C..

LBL *
“‘Measurement and Control of Indoor Air
Quality in Existing and New Homes'';, A. H.
Rosenfeld and C. D. Hollowell, May 1981,
Testimony before the Subcommittees on En-
ergy Development and Applications and Na-
tural Resources, Agriculture Research, and
Environment of the Committee on Science
and Technology, U.S. House of Representa-
tives. . ‘

LBL

“‘Progress in Energy-Efficient Buildings -
The Potential for Saving 8 Million Barrels a
Day by 2000, at a Cost of $10 Per Con-
served Barrel’’, A. H. Rosenfeld, May 1981,
Testimony before the Subcommittee on En-
ergy Conservation and Power of the Com-
mittee on Energy and Commerce, U.S.
House of Representatives.
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1981
 “Energy Demand’’, Arthur H. Rosenfeld
and Alan K. Meier, 1981, chapter from AIP
50th Anniversary-Physics Vade Mecum,.

1980

LBL-11300
“Technical Potentials and Policy Recom-
mendations for Conservation and Renewable
Resources: A Least Cost Scenario, 1980-
2000”, A. H. Rosenfeld, D. Goldstein, J.
Harris, D. Claridoe., and K. Gawell, July
1980, LBL.

LBL-10738. )
“Supplying Energy- Through Greater
- Efficiency: The Potential for Energy Conser-
vation in California’s Residential Sector’’, J.
Wright, A. Meier, M. Maulhardt, H. Arin,
A. H. Rosenfeld, March 1980, LBL.

LBL *

“Saving Half of California’s Energy and
Peak Power in Building and -Appliances”,
A. H. Rosenfeld, D. B. Goldstein, A. J.
Lichtenberg, and P. P. Craig, 1980, From
Energy Policy Modeling: United States and
Canadian Ezperiences, University of British
Columbia Press.

LBL *
“Testimony on Energy Efficient Buildings
before the U.S. House of Representatives
Subcommittee on Energy Development and
Applications Committee on Science and
Technology”, A. H. Rosenfeld, February
1980, LBL.

LBL * :
“Shell Answer Book #22!, Sheldon Lam-
bert, assistance from A. H. Rosenfeld, 1980,
Copies can be obtained from the Shell Oil
Company (public distribution = 6.5 million
copies).

LBL *
“Colloquium Transcripts: Caltech Series in
Energy Realities”, A. H. Rosenfeld, May
1980, LBL.

LBL *
“Testimony: On BEPS. Before the Subcom-
mittee on Energy Regulation, Senate Com-
mittee on Energy and Natural Resources”,
A. H. Rosenfeld, June 1980, LBL.

* = no LBL number. Call (415) 486-4834 for in-
formation on obtaining this document.
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POPULAR ARTICLES

Non-technical publications that either describe work at LBL or are authored by LBL researchers
are listed below. These articles are designed to have a much wider appeal than the more usual
LBL publications that report research results. Because the success of many developments in
energy efficiency depend on people’s attitudes and living habits, it is important that developments
in this field reach a wide audience.

10.

11.

12,

“How We Can Fight the Greenhouse Effect”, H. Gilliam, This World, part of the Sunday
Edition of the San Francisco Chronicle (July 31, 1988).

“The Greenhouse Challenge”, Oakland Tribune (July, 14, 1988)

“Counting kilowatts”’, Boston Globe (July 2, 1988)

“Controlling Indoor Air Pollution”, A. V. Nero, Scientific American, 258(5), 42-48 (May
1988).

“Power-Guzzling Homes Trouble Utilities: They are Joining the States in Battling the Build-
ers”, I. Peterson, The New York Times, Section 8, (Sunday, May 8, 1988).

“Energy Efficiency: Less means More - Fueling a Sustainable Future”, J. Raloff, Science
News, 133, 296-298 (May 7, 1988).

“High Tech Window Coatings "Supply” Energy Services”, A. H. Rosenfeld, Conservation
Research Note #1, 1-6, May 1988 (available from the Center for Building Science, Lawrence
Berkeley Laboratory, Berkeley, CA 94720.

“Energy Efficient Buildings”, A. H. Rosenfeld and D. Hafemeister,

Scientific American, 258(4) 78-85 (April 1988).

“Building on Success: The Age of Energy Efficiency”, C. Flavin and A. B. Durning,
Worldwatch Paper 82, 1-63 (March 1988).

“Lighting the Way’’, S. Berman with L. Yarris, LBL Research Review, 13(1) 2-9 (Spring
1988)

“The Role of Federal Research and Development in Advancing Energy Efficiency: A $50 Bil-
lion Contribution to the US Economy”, H. Geller, J. P. Harris, M. D. Levine, and A. H.
Rosenfeld, Ann. Rev. Energy, 12, 357-95 (1987).

“The Rise and Fall and Rise of Energy Conservation’’, M. Reisner, The Amicus Journal, 22-
31 (Spring 1987).
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INDOOR ENVIRONMENT PROGRAM

INTRODUCTION

The Indoor Environment Program examines the
scientific issues associated with the design and operation
of buildings to optimize building energy performance and
occupant comfort and health. Optimizing occupant health
and comfort is addressed in various ways by groups
within the Program. To examine energy flow through all
elements of the building shell, the Energy Performance of
Buildings Group measures air infiltration rates, studies
thermal characteristics of structural elements, and develops
simplified models of the behavior of complete buildings.
Potential savings in the infiltration area are great. The
heat load associated with natural infiltration is about 2.5
quads/yr costing about $15 billion annually. It may be
economic to reduce this by 25%.

This change, however, may produce undesirable
effects in the building environment. Since ventilation is
the dominant removal mechanism for building pollutants,
concern continues about the impact of designs or changes
in operation that lead to its reduction.

This issue has been an important theme for other
projects in the Program. Efforts include characterizing the
emission of various pollutant classes from their respective
sources, studying the effectiveness of ventilation in
removing pollutants from indoor atmospheres, and
examining the nature and importance of chemical and
physical reactions that can affect the production of
airborne pollutants. Projects have concentrated on three
major pollutant classes: combustion products arising from
indoor heaters and other combustion appliances; radon
and its progeny, arising from materials (primarily soil) that
contain radium, a naturally occurring radionuclide; and
formaldehyde and other organics, arising from a variety of
building materials and furnishings. In addition, the
Ventilation and Indoor Air Quality Control and Energy
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Performance of Buildings projects investigate techniques
for controlling airborne pollutant concentrations, develop
devices for monitoring pollutants in laboratories and
buildings, and design or carry out field surveys of energy
use and indoor air quality in residential and commercial
buildings. The Indoor Exposure Assessment project also
devotes time to assessing the health effects of indoor
pollutant exposures. We continue to explore several
important themes:

A. Air quality in buildings is dominated by sources.
Problems are more often related to strong indoor

sources than to deficiencies in ventilation.

B. Air pollution is a buildings problem. Pollutants
concentrations observed in buildings are comparable
to those outdoors (when major indoor sources are
present, the concentrations indoor are substantially
higher). Since people spend 70-90% of their time
inside buildings, the major portion of their exposure
to air pollutants occurs within buildings. We
conclude that air pollution is a buildings problem
because sources and removal processes are often
associated with building structure and operation.

Ventilation is the best control strategy for indoor
pollution. Ventilation using outdoor air affects all
indoor pollutants similarly and is therefore, the best
single strategy for pollutant control in buildings.
This assertion acknowledges that we cannot identify
all pollutant sources in a building. Since such
information is often lacking, ventilation remains the
best general indoor pollution control strategy.



Evaluation of Several Techniques to
Reduce Radon: Preliminary Results
from Fourteen Houses *

B.H. Turk, ]. Harrison, R.G. Sextro, L.M. Hubbardf, K.J.
Gadsbyt, T.G. Matthewst, C.S. Dudney}, D.C. Sanchez§

Fourteen homes with basements and hollow block
foundation walls in north-central New Jersey, were
selected for this research project. Seven homes were stu-
died by Lawrence Berkeley Laboratory, while the other
seven were studied by Oak Ridge National Laboratory and
Princeton University. One home from each group of
seven did not have a radon control system installed, and
served as a control

Beginning in the fall of 1986, radon concentrations
and other parameters in the homes were intensively moni-
tored with continuous, real-time instrumentation. Moni-
toring continued for 7 to 13 months. We developed diag-
nostic procedures to guide choice of the appropriate radon
reduction technique in each house. Oak Ridge National
Laboratory and Princeton also used a modification of these
diagnostic procedures. Radon control systems were
designed to: (1) effectively and economically reduce
indoor radon concentrations below 148 Bq m (4 pCil™),
and (2) allow comparison of a variety of mitigation sys-
tems. These were installed beginning in November, 1986.
System-types included: subsurface ventilation (SSV) by
depressurization (SSD), and SSV by pressurization (SSP)
in 11 homes, ventilation of perimeter drain tiles/drain
ducts (eight homes), air-to-air heat exchangers (AAHX) in
two homes, basement pressurization (three homes), block
wall ventilation (three homes), and caulking and sealing
openings to the soil (all homes).

Subsurface ventilation by depressurization was very
often recommended and successful. SSP was less effective
than SSD in all homes where it was evaluated. This con-
trasts with results from earlier studies in the Spokane, WA
area. Drawing air from the cores of block walls and SSV
via a connection to perimeter drain (perimeter of basement
slab floor) were generally effective due to the efficient
ventilation and depressurization of major subslab regions

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building
Systems Division, by the Director, Office of Energy Research, Office of
Health and Environmental Research, Human Health and Assessments Divi-
sion and Pollutant Characterization and Safety Research Division of the
US. Department of Energy (DOE) under contract no. DE-AC03-
76S5F00098, and by by U.S. Environmental Protection Agency (EPA)
through Interagency Agreement DW89931876-01-0 with DOE. The work
by ORNL/Princeton was co-sponsored by the Director, Office of Energy
Research, Office of Health and Environmental Research, Human Health
and Assessments and Pollutant Characterization and Safety Research Divi-
sion of DOE under contract no. DE-AC03-840R21400, by the EPA
through IAG-40-1709-85 with DOE, and by the New Jersey Department of
Environmental Protection. ’

{Princeton University
$Oak Ridge National Laboratory
§U.S. Environmental Protection Agency

2-2

from which radon normally entered the house. Pressuri-
zation of basements with air drawn from upstairs caused
satisfactory reductions in indoor radon levels in only one
house where the basement could be sufficiently tightened
to permit adequate pressurization. The AAHX’s reduced
radon concentrations to an extent consistent with the
theory that concentrations are proportional to the recipro-
cal of the total ventilation rate when ventilation is not
associated with a change in indoor air pressures. This
supports previous work indicating that AAHX's are gen-
erally adequate only in homes with low initial indoor
radon levels and ventilation rates. Finally, caulking and
sealing often resulted in a measurable reduction in base-
line indoor levels, but never achieved the target concentra-
tion.

Intensive Radon Mitigation Research:
Lessons Learned*

B.H. Turk, R.J. Prill, R.G. Sextro, and ]. Harrisont

Two intensive field studies of radon control have pro-
vided an opportunity to conduct follow-on research, and
to compare and combine data and results from regions
with different soils and types of house construction. The
first study near Spokane, Washington involved 14 homes
often having foundation walls of poured concrete placed
in soils of uniformly high permeability and low to
moderate soil gas radon concentrations. The second study
was conducted in north-central New Jersey on seven
homes that had foundation walls constructed of hollow
core blocks. The soils around the New Jersey homes were
variable in both permeability and radon concentrations in
soil gas.

For control homes (homes that did not receive radon
control systems until conclusion of the projects) in both
studies, indoor radon levels ‘remained higher than
expected in the spring and summer. During these seasons,
the warmer outdoor air temperatures are expected to
diminish the thermally-caused negative pressure differ-
ences that drive the bulk flow of radon-containing soil gas

‘into the houses. It was discovered that soil temperatures

substantially modify the pressure differentials (APs) that
drive soil gas entry into basements in both summer and

*This work was supported by the Bonneville Power Administration (BPA)
under contract no. DE-A179-83BP12921, by the Assistant Secretary for
Conservation and Renewable Energy, Office of Building and Community
Systems, Building Systems Division, by the Director, Office of Energy
Research, Office of Health and Environmental Research, Human Health
and Assessments Division and Pollutant Characterization and Safety
Research Division of the U.S. Department of Energy (DOE) under contract
no. DE-AC03-76SF00098, and by the U.S. Environmental Protection
Agency (EPA) through Interagency Agreement DW89931876-01-1 with
DOE.
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winter. Calculations for a one-story house in New Jersey
show that warmer soil in winter and cooler soil in summer
(relative to the prevailing outdoor temperatures), reduces
the magnitude of the basement pressure difference by
about 1 Pa. At times during the summer, the cooler soil
gas temperatures can cause the APs to be negative, draw-
ing radon into the building.

Another finding is that the forced-air distribution of
many residential heating and cooling systems can increase
the natural depressurization of the substructure by up to
10 Pa (but generally less) and also transfer large amounts
of radon from the substructure to the upper floors. These
effects are more pronounced if leaky return air ducts or
plenums are located in the substructure.

For the majority of homes in these two studies, sub-

surface ventilation (SSV) was the most appropriate and .

effective radon control technique. The data and measure-
ment results indicate that 40% to 90% of the air in SSV
exhaust airstreams originates in basements. This suggests
that the leakiness of the below-grade substructure surfaces
greatly influences the flow resistance to an SSV system.

Air-to-air heat exchangers (AAHX) were generally
practical for radon control only in those houses or zones
of houses that have low to moderate initial radon levels
and ventilation rates. Finally, the success of another miti-
gation system based on pressurizing the basement
depends on achieving a préssure in the basement that is at
least 2 to 3 Pa greater than the average wintertime natural
depressurization of the basement. Only basements that
can easily be maintained air tight therefore are suitable for
this system.

Monitoring and Evaluation of
Radon Mitigation Systems Over a
Two-Year Period *

RJ. Prill

In previous research studies, elevated concentrations
of radon were found in a significant percentage of the
houses located in Eastern Washington and Northern
Idaho. A subsequent study, completed in 1986, developed
and evaluated radon mitigation techniques and systems in
fourteen houses in the area of the Spokane River Valley.
This research reports on the performance of these radon
mitigation systems for a period of two years.

*This work was supported by the Director, Office of Energy Research, Of-
fice of. Health and Environmental Research, Human Health and Assess-
ments Division and Pollutant Characterization and Safety Research Divi-
sion, and by the Assistant Secretary for Conservation and Renewable Ener-
gy, Office of Building and Community Systems, Building Systems Division
of the U.S. Department of Energy (DOE) under Contract No. DE-AC03-
76SF00098.
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Seasonal and annual radon concentrations in all zones
and on each level of these houses were measured using
mailed alpha-track detectors during the two-year follow-
up period. Each house was inspected and the radon miti-
gation system evaluated during the second heating season
of the follow-up study. Some of the systems were modi-
fied to eliminate problems which had developed over
time.

The alpha-track measurements generally showed an
increase in radon levels in a majority of the houses com-
pared to the levels measured immediately after the instal-
lation mitigation systems. The greatest increases in radon
concentrations occurred in 3 of the 4 houses equipped
with basement pressurization systems. In most of the
houses equipped with sub surface' ventilation systems the
radon concentrations also increased over the course of the
follow-up period. Radon concentrations in the two houses
equipped with air-to-air heat exchangers appeared to
depend upon the duration of operation and fan speed set-
tings of the heat exchangers. Factors causing decreased
performance of the mitigation system included: (1) a build
up of dust and lint on the soil, beneath the slab, at the
pipe outlet of subsurface ventilation systems operated in
the pressurizatidn mode; (2) noisy and vibrating fans
which were turned off by occupants; (3) air-to-air heat
exchanger, basement pressurization, and subsurface venti-
lation system fans which were sometimes turned off or fan
speeds reduced by occupants even when there was not a
noise problem; and (4) craw! space vents which were
closed or sealed.

Appfaisal of the U.S. Data on Indoor
Radon Concentrations*

A. V. Nero, K. L. Revzan, and R. G. Sextro

Recent surveys of indoor radon concentrations have
suggested that the risk to the U.S. population is much
greater than was indicated by earlier surveys. We examine
the bases of the discrepancy and show that the interpreta-
tions of the recent surveys are in error.

PRE-1984 STUDIES

Results from a number of small surveys were used in
1984 as the basis for developing a U.S. concentration dis-
tribution. This analysis discriminated between those sur-
veys undertaken because high indoor concentrations were
known or suspected and those that were designed on a

*This work was supported by the Director, Office of Energy Research, Of-
fice of Health and Environmental Research, Human Health and Assess-
ments Division and Pollutant Characterization and Safety Division, and by
the Assistant Secretary for Conservation and Renewable Energy, Office of
Building Energy Research and Development, Building Systems Division, of
the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.



random basis. Furthermore, data taken in the winter were
normalized to an approximate annual-average concentra-
tion, and the different data sets were weighted by number
of houses, region, and population in order to examine the
sensitivity of the resulting distribution to these factors.
The resulting aggregate distribution, found to be insensi-
tive to weighting, has an average or arithmetic mean (AM)
of 55 Bq m3. Approximately 2% of homes were found to
exceed annual-average concentrations of 300 Bq m?.
The distribution was represented well by a lognormal
function with a geometric mean (GM) of 33 Bq m? and a
geometric standard deviation (GSD) of 2.8. The annual-
average concentration was, on the average, 72% of that
measured in the winter. The inclusion of data from areas
where concentrations were expected to be higher- on the
basis of prior information raised the average concentration
substantially, as had been expected. A second important
survey entailed year-long radon monitoring in 1984-1985
in the homes of 453 physics faculty at 101 universities
throughout the United States. The results correspond well
to a lognormal distribution with a GM of 38 Bq m™ and a
GSD of 2.36. Both surveys utilized data accumulated in
living spaces rather than basements, which is a major dis-
tinction from the more recent data sets. The fraction of
houses with concentrations above 150 Bq m? are
estimated from the earlier survey at 7%, and from the
latter survey at 6%. Because of the difference in GSDs,
perhaps due to reliance on a particular subpopulation in
the latter survey, the functions diverge at higher concen-
trations; still, the fractions above 300 Bq m™ are only a
factor of two apart.

RECENT STUDIES

In one study, Alter and Oswald find that approxi-
mately 60,000 U.S. etched-track measurements are found
to average 266 Bq m™>. However, 50,000 of the data are
from only 6 states, including some known to have high
concentrations. Removing the data from these states
yields an average, for the 10,251 remaining data, of 158
Bq m3. Two alternative methods of obtaining a more
representative selection yield averages of 152 and 153 Bq
m>. The authors find this convergence striking, assert
that the results provide a rough “exposure” estimate, and
conclude that the national “exposure” exceeds the 55 Bq
m™ cited previously. In fact, even the three restricted sets
of data are likely to overrepresent homes with high con-
centrations. Further, the parameter of interest for indoor
exposures is the annual-average concentration in the living
space.

A major difficulty is that a large portion of the meas-
urements are performed in basements. Concentrations in
basements average approximately twice those on first
floors during the winter, with an even larger ratio during
the summer. In fact, for a subset of measurements for
which location was recorded, the 44% taken in basements
have an average concentration 2.0 times the average from
the non-basement readings. If we attempt to correct an
apparent average of 155 Bq m™ to a living-space average
assuming that 44% have results that are a factor of 2 high,
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we find a corrected average of 108 Bq m3. It is even

more difficult to quantify the effect of oversampling in
areas or houses where high concentrations are known or
suspected. We note that a 25% reduction of the AM
yields 81 Bq m; there are indications from the etched-
track data themselves and from comparison with the EPA
data discussed below that the effect of oversampling is at
least this large. Finally, a preponderance of measurements
are performed during winter only. As indicated above,
annual-average concentrations have been found to average
approximately 72% of winter values. Given probable
mixes of seasons in which the etched-track measurements
were taken, the annual-average concentration may there-
fore be 80 or 90% of the value above, i.e., approximately
69 Bq m>. These considerations are enough to indicate
that an average less than 75 Bq m™, reasonably consistent
with the earlier surveys, is probable.

Alter and Oswald also find that 23% of the 10,251
data exceed the EPA remedial level of 148 Bq m™. How-
ever, a lognormal function with a GM of 61 Bq m’ and a
GSD of 3.2 is found to fit the data below 148 Bq m™ very
well, with a considerable excess of data above this point,
particularly of very high values. The considerations dis-
cussed in the previous paragraph account for this excess.

A second data set has arisen from recent efforts of the
EPA in conjunction with 10 states. During the winter of
1986-1987, charcoal detectors were deployed in statisti-
cally chosen samples of homes in nine states, plus another
state in which volunteers were relied on. Examining the
EPA press material, one finds the following information:
the number of homes monitored in the main sample
varied from 190 to 1787 for the ten states, totaling approx-
imately 10,000. The AM for the main sample was 110 Bq
m? 20% of measurements exceeded 148 Bq m? and
approximately 1.1% exceeded 740 Bq m>. Measurements
were performed following the EPA screening protocol so
that, as indicated in some of the EPA backup material,
these results - taken in winter and, often, in basements -
do not represent annual-average concentrations to which
people are exposed. Nonetheless, the press reports, fol-
lowing the EPA press release, compared these results
directly with the EPA action guideline and indicated that
21% of the homes exceeded the guideline, an inappropri-
ate use of the data.

If the correction from basement concentrations
described above is made to the AM of 110 Bq m?, and the
resulting 76 Bq m™ is corrected to an annual -average using
the factor of 0.72, an AM of 55 Bq m? is found. The pre-
cise agreement with previous results is fortuitous, but indi-
cates that - if proper adjustments could be made - agree-
ment would be quite satisfactory. Furthermore, these
adjustments would drastically reduce the fractions above
148 and 740 Bq m?, apparently to the vicinity of the early
results, which were that 6 or 7% of homes exceed 148 Bq
m and perhaps 0.1% exceed 740 Bq m™.

Any two probabilities may be used to define a lognor-
mal distribution. The particular distribution which passes
through the given probabilities for 148 and 740 Bq m™ has
a GM of 58 Bq m™ and a GSD of 3.0, which implies an




AM of 106 Bq m™, which is close enough to the actual
AM to suggest that the lognormal may be a useful
representation of the data. If so, then lognormality is
maintained at least to the region of 740 Bq m, which
contrasts with the data of the Alter-Oswald study. Both
the GM and the GSD of the distribution are higher than
those of the early surveys, of course, but we have shown
that they have been overestimated. Extrapolation of the
lognormal indicates that 0.01% of the homes, i.e., 1 home,
should exceed 3700 Bq m?. The actual number is 3, so
that we expect that fewer than 3 in 10,000 homes exceed
this level, which is a much smaller fraction than has been
suggested.

CONCLUSIONS

Monitoring efforts undertaken before 1985 indicate
that the radon concentration in U.S. houses averages
approximately 55 Bq m and that, in approximately 6%,
annual-average levels exceed 150 Bq m™, with perhaps 1-
2% having 300 Bq m™ or more. However, several recent
large-scale data sets yield average concentrations of 100-
150 Bq m™,.with perhaps 20% of results exceeding 150 Bq
m?3, leading to an exaggerated estimate of risk. In fact,
these recent data sets overrepresent high-concentration
houses or include sampling performed in basements or in
the winter only. Adequate information is not available to
adjust these results precisely to annual-average indoor
concentrations experienced by the population, but plausi-
ble corrections yield results that are consistent with the
distributions previously found. :

Parametric Modelling of Temporal
Variations in Radon Concentrations in
Homes*

K.L. Revzan, B.H. Turk, |. Harrison, A.V. Nero, R.G. Sextro

The radon concentrations in the living area, the base-
ment, and underlying soil of a New Jersey home have
been measured at half-hour intervals over the course of a
year, as have indoor and outdoor temperatures, wind
speed and direction, and indoor-outdoor and basement-
subslab pressures; in addition, periods of furnace operation
have been logged. We generalize and extend an existing

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building
Systems Division and by the Director, Office of Energy Research, Office of
Health and Environmental Research, Human Health and Assessments Divi-
sion and Pollutant Characterization and Safety Research Division of the
U.S. Department of Energy (DOE) under Contract No. DE-AC03-
76SF00098. It was also supported by the Office of Environmental En-
gineering Technology Demonstration, Office of Research and Development
of the U.S. Environmental Protection Administration (EPA) through in-
teragency agreement DW89931876-01-0 with DOE.
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radon entry model in order to demonstrate the depen-
dence of the radon concentrations on the environmental
variables and the extent of furnace use. The model con-
tains parameters which are dependent on geological and
structural factors which have not been measured or other-
wise determined; statistical methods are used to find the
best values of the parameters. The non-linear regression
of the mode] predictions (over time) on the measured liv-
ing area radon concentrations yields an R 2 of 0.88.

Theory

We assume that a house is divided into two zones,
the basement and living area, of which only the former is
in contact with the soil; the house is assumed to be
depressurized as a result of temperature differences
between inside and outside and the flow of wind around
the structure. On the basis of a highly simplified model,
we represent the soil gas radon concentration, C , as

Cs = p1 (1 — exp[—p2/Aps)), 1)
where the p, are parameters which depend on the proper-
ties of the soil and on the nature of the openings between
basement and soil and Ap; is the pressure across the soil.

From the mass-balance, assuming the outdoor radon
concentration to be negligible, the steady-state radon con-
centration in the basement is

Cp = (fuCs + fC1) / (foo + for), 2
where C,, C;, and C; are the radon concentrations in
the basement, living area, and soil, respectively, and fg,
fib foor and fy are the flows from soil to basement, living
area to basement, basement to outside, and basement to
living area, respectively, and where the outside concentra-
tion and diffusive entry have been neglected. Similarly,
the steady-state living area concentration is
G =fu G/ (fo T fu) 3

where fi, is the living area to outside flow.

We now assume that the flow from living area to
basement, fy,, is entirely due to furnace operation, that the
flow from basement to living area is the sum of fi, and a
term directly proportional to the flow from the living area
to the outside, and that the basement to outside flow is a
constant multiple of the living area to outside flow, so that

f Cs (1 + p3Ay

(Ps + PoAdfn @

Cb=

and

Ci = (ps + prA) Co / (1 + psA) (5)
where A is the fraction of the time the furnace is in
operation. When the furnace is not in operation, C, is the
quotient of a source term and the outside to basement
flow; when the furnace is in operation, assuming the fur-



nace flow to dominate other flows between the two inte-
rior zones, the denominator becomes the total flow .into
the house. With the furnace off, the house can be
represented by the two-zone model; with the furnace on,
the air of the two zones is mixed and the house is effec-
tively a single zone.
If we now represent the flows appearing in equations
4 and 5 by
foo =peAT +pou? fi, =(p10AT +p1u?)>, (6)
where AT is an appropriate temperature difference and u
is the wind speed, and if we further assume that Aps is
proportional to fy, then we have a model in which the
only independent variables are the temperature difference,
the wind speed, and the fractional furnace operation.
There are 3 parameters in the equations determining Cs (1
and 6), 6 in those determining Cy, (1, 4, and 6, with terms
collected), and 2 in that determining C; (5).

Results

We shall apply the model to a two-story dwelling
with a basement located in north central New Jersey,
which was selected as the control for a year-long study of
the effectiveness of remedial action in six other houses in
the same general area. The basement is almost entirely
below grade; it contains a forced-air furnace whose duct-
work has been observed to be leaky. Radon concentra-
tions were measured in the soil below the basement slab,
in the basement itself, and on the first floor using continu-
ous radon monitors. Environmental measurements
included indoor, outdoor, and soil temperatures, wind
speed and direction, barometric pressure, and precipitation.
Differential pressures were measured between the top and
bottom of the basement slab, between the first floor and
the basement, and across the four walls separating the
basement from the outside air. Furnace operation was
measured on a binary (on/off) basis. Data was collected
for 10 months, beginning on 18 September 1986; all data
was logged automatically at half-hour intervals. The com-
parison between theory and experiment is, however, based
on three-day averages of the data.

A linear regression shows that Ap, is directly depen-
dent on AT, u, and possibly on Ay, but it is impossible to
determine statistically which of the variables must be
included in the equation. The best results occur when we
use the basement temperature, the soil temperature at 70
cm depth, and the furnace activity; the R? is 0.82. If the
same variables are used to predict Cs, we find an R? of
0.62. The model accounts for the general tendency of the
data, but is insufficient to account for the day-to-day fluc-
tuations. There may be inhomogeneities in the soil gas
concentration in the vicinity of a house, in which case a
spot measurement could be unrepresentative of the aver-
age and the model would not be expected to predict well.

The basement concentration data can be divided into
three distinct periods: two periods of warm weather during
which relatively large fluctuations in concentration

occurred and the winter period, running from December 4
through March 12, during which the fluctuations were
relatively small. The difference in character between the
warm and cold weather periods may be due to freezing of
the soil. When we model the basement concentration
using equations 4, 6, and 7 with C; equal to its measured
value, the fit is quite poor, suggesting that the soil gas
measurement is not representative. When we use equa-
tion 1 to represent the soil gas, the fit to the data for the
full year is poor, but some success is found in fitting dis-
tinct equations to the data for the warm and cold weather
periods taken separately. The best fit to the warm
weather data is obtained when the basement-outside tem-
perature difference and the wind speed are used in both
the source and removal terms; the R? is 0.63. The best fit
to the cold weather data is obtained when the basement-
soil temperature difference and the furnace activity are
used in the source term; the R? is 0.70. The comparison
of theory and data for the basement reveals the inade-
quacy of the theory; one major flaw may be the inability
of the theory to represent the flow across the building
shell (the air exchange) correctly.

When the measured values of Cy, are used in equation
5, we find p; and p; to be 0.24 and 5.1, respectively, with

“an R? of 0.93; we regard this result as confirming the
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theory leading to that equation. When the calculated
values of C, are used, we find an R? of 0.88, which is
satisfactory, but we note that the prediction of the base-
ment- concentrations is not good, and the result may be
fortuitous.

Technique for Measuring the Indoor
“’Rn Source Potential of Soil *

W.W. Nazaroff and R.G. Sextro

Elevated indoor radon concentrations are often caused
by high rates of entry of radon generated in soil within a
few meters of a building’s substructure. The potential of
soil for generating high indoor radon concentrations
depends on two factors: (1) the rate of release of radon
from soil grains into the pore space of the soil, and (2) the
volume of soil that can contribute its emanated radon to
indoor air. The aim of this work is to develop techniques
for measuring these factors and a method for combining

*This work was supported by the Director, Office of Energy Research, Of-
fice of Health and Environmental Research, Human Heaith and Assess-
ments Division and Pollutant Characterization and Safety Research Divi-
sion, and by the Assistant Secretary for Conservation and Renewable Ener-
gy, Office of Building and Community Systems, Building Systems Division
of the U.S. Department of Energy (DOE) under Contract No. DE-AC03-
76SF00098. It was also supported by the Office of Radiation Programs, of
the U.S. Environmental Protection Agency (EPA) through Interagency
Agreement DW89932609-01-0 with DOE.




the results into a single indicator of the indoor radon
source potential of soil.

The experimental method entails installing a sampling
probe into the soil. A pump is used to extract air from the
soil through the probe, and a sample of this air is
analyzed to determine its radon content. From this meas-
urement, the rate of release of radon into the soil pores
can be determined. The difference in air pressure esta-
blished by the pump is measured between the tip of the
probe and the atmosphere, and the rate of air flow
through the probe is also measured. From these parame-
ters, and the dimensions of the probe, the permeability of
the soil is computed. This characteristic indicates how
much soil may contribute radon to the interior of a build-
ing.

A theoretical analysis of radon transport in soil is
developed as a basis for interpreting the experimental data
and for combining the results into a single indicator of
radon source potential. In the analysis, it is first argued
that, for homogeneous soil, molecular diffusion may be
neglected compared with bulk flow as a radon ‘transport
mechanism in cases in which the source potential is high.
Then, equations for the pressure field and the radon flux
are formulated and solved numerically for two idealized
soil cavities with reduced air pressure (1) an isolated
sphere, and (2) a long cylinder with a horizontal axis. The
first case represents the soil sampling probe, and the latter
case is a model for a house in which there is a leakage
path from the soil around the basement perimeter, such as
a floor-wall gap or crack.

In a preliminary field test, the measured indoor radon
source potential in soils adjacent to four New Jersey
houses was found to correlate well with the measured
average indoor radon concentrations.

Successful preliminary tests suggest that this may be
a useful basis for setting priorities in efforts to identify
individual houses with high concentrations. The method
could also be used to determine whether construction
practices in an area need to be modified to prevent
elevated radon concentrations in future housing. Further
survey work must be conducted comparing measured
indoor radon concentrations with the indoor radon source
potential of nearby soil. Ultimately, the demonstration of
a strong empirical correlation between the higher observed
indoor concentrations and the source potential is both suf-
ficient and necessary to justify the use of this method for
appraising the risk of high indoor radon concentrations
from soil. ’

Mapping Surficial Radium Content as
a Partial Indicator of Radon
Concentrations in U.S. Houses

K.L. Revzan, A.V. Nero, R.G. Sextro

In connection with the problem of indoor radon, we
discuss the use of data from the National Aerial
Radiometric Reconnaissance to develop maps of radium in
soil, at various resolutions, for the contiguous 48 states.
We examine the relationship between the results of meas-
urements of radon in houses and the indications of the
U.S. map, noting that some, but by no means all, of the
areas known to have elevated radon concentrations appear
as areas of higher radium concentration than their sur-
roundings and that there are other areas, in which meas-
urements of high radon levels have not been made, which,
are suggested as deserving of interest. We discuss map-
ping techniques for smaller areas and possible methods of
dealing with apparent discrepancies between adjacent
areas.

Results of Mapping

An important factor determining radon concentrations
in houses is the radon concentration in the pore spaces of
the underlying soil. For that reason, a useful first step in
the identification of areas of elevated radon is the
development of a map of soil gas concentration or, what is
equivalent, a map of radium concentration in soil, for the
U.S. Though such a map cannot exclude any area of the
country from the possibility of having houses with high
radon levels (since, for example, high permeability soil
may allow transport of sufficient soil gas of low radon
concentration to produce a high indoor concentration), it
can suggest certain areas which are likely to have large
numbers of those houses.

The necessary data for a radium map was obtained by
the National Aerial Radiometric Reconnaissance (NARR),
which measured the gamma radiation from the top 0.5 m
of soil or rock in order to discover uranium deposits.
From the data of this survey, obtained and processed by a
number of subcontractors, a database of manageable size
was developed, in which we have stored the average
radium concentration for each 1.6 km along the survey
flightlines. A map of the contiguous 48 states was then

*This work was supported by the Director, Office of Energy Research, Of-
fice of Health and Environmental Research, Human Health and Assess-
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created, on which a dot has been placed in each 20 X 20
km area, the size of the dot representing the average
radium concentration in that area.

The map reveals that certain areas appear sufficiently
different in character from their surroundings to lead to
suspicion that there might be problems involved in
attempting to compare data obtained by different subcon-
tractors despite their use of the same calibration pro-
cedures. The problem is perhaps most clearly exhibited in
the Rawlins and Greeley quadrangles of Wyoming and
Colorado. The means of Ra for the two quadrangles are
6.3 and 8.1 Bq kg™, while the mean Ra of the six sur-
rounding quadrangles is 33.3 Bq kg™'. Other possible
calibration anomalies appear in southwestern South
Dakota, eastern Washington and western Idaho, and San
Jose, California. The average radium concentration of the
territories surveyed by individual subcontractors ranges
from 20 to 32 Bqkg™!, but the variation may be
explained, at least in part, by the different areas of the
country flown by each; the question of the importance of
subcontractor performance remains open.

The following areas, which the map reveals as having
high radium concentrations compared to their surround-
ings, have also been found to have high radon concentra-
tions in homes: eastern Pennsylvania-northern New Jersey
(Reading Prong), eastern Tennessee-western North Caro-
lina, western Washington-eastern Idaho (Spokane-Cour
d’Alene), and western Florida (phosphate-bearing land).
Apart from Florida, where the situation is well understood,
and Tennessee, the mean levels of radium in these areas,
while higher than their surroundings, are not high in
absolute terms, and the nature of the relationship between
the means of radium in soil and radon in houses remains
to be established.

One region is known to have high radon concentra-
tions but does not appear to have high radium levels: the
Red River valley of North Dakota. While the map shows
the valley to be somewhat higher in radium than the terri-
tory to the east and west, the level is the same as that of
the territory to the south, so that it is difficult to infer that
this might be a region of interest. There are a number of
areas which, conversely, have high radium concentrations
but in which high radon levels have not been found: cen-
tral California, southern Arizona-New Mexico, a number
of regions in the Rocky Mountain states, central New
Hampshire-southern Maine, and, most conspicuously,
southwestern South Dakota. Some of these are known to
be areas in which uranium deposits occur; some, as we
have suggested, may stand out because of calibration

- problems; some may be worthy of investigation.

The Statistics of Radium in Soil

On the basis of the 22,172 average radium concentra-
tions used for the U.S. map, the geometric mean (GM) is
25 Bq kg~!, the geometric standard deviation (GSD) is 1.6,
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the arithmetic mean (AM) is 27 Bq kg™!, and the arith-
metic standard deviation (ASD) is 12 Bq kg™'. These
parameters are useful for making comparisons among
regions, but they are misleading in that each datum is
treated as if it were itself an observation rather than as an
average of original observations. Since we have retained
the number of observations, the AM, and the ASD for
each 1.6 km flightline datum, it is a simple matter to cal-
culate an ASD for each 20 X 20 km region and then, to
calculate an ASD for the contiguous U.S. On the basis of
the original 24,591,855 measurements, this ASD is 21
Bq kg™!. Calculation of the GM and GSD on the same
basis involves approximations, since we have not retained
the GM and GSD of the observations in our database. If
we assume the data to be lognormally distributed, how-
ever, we may use the AM and ASD to calculate a GM and
GSD: 21 Bq kg ™! and 2.0, respectively.

If we now consider that each original observation
itself represents an integration of several hundred square
feet and that large areas of the country remain unobserved
due to the relatively large distances between flightlines, it
is apparent that the actual GM of observations of radium
in soil made at ground level, each representing an area the
size of a house, is likely to be somewhat greater than 2.0.
The GM of measurements of radon concentration in
houses in the U.S. is approximately 2.8. Suppose that the
indoor radon concentration is the product of the soil gas
radon concentration, represented by the radium concentra-
tion, and some other lognormally distributed factor or
combination of factors. Given the fact that the logarithms
of GSDs add in quadrature, two factors contributing
equally to the variation in radon would each have a GSD
of 2.1, which is very close to the calculated GSD for
radium. On this basis, the observed variation in radium in
soil accounts for roughly half the observed variation in
indoor radon.

It is clear, however, that we must look to factors other
than radium in soil to explain the radon concentration
data. In part of Eastern Pennsylvania, for example, we
find a GM indoor radon concentration of 120 Bqm™>
(with a GSD of 3.4), which is a factor of 3.6 higher than
the national GM. The GM radium for this area is gen-
erally 20-40 Bq kg™, with a high of 56 Bq kg™'; the GSD
is generally 1.5-2.5. If the relationship between radium
and the other factors affecting radon in houses were to be
the same in Eastern Pennsylvania as in the contiguous 48
states as a whole, the GM radium should be on the order
of 75 Bq kg~ ! and the GSD should be 2.4.

Conclusions

We have shown that, on a national basis, as much as
half the variation in radon from region to region may be
accounted for by the level of radium in the soil, but that
there are regions for which the radium concentration does
not account for the relatively high observed radon.




Indoor Atmospheric Chemistry:
Interactions of Radon with other
Gaseous Pollutants *

J.M. Daisey, R. Sextro, A.T. Hodgson, N. Brown, and D. Lucas

Research was initiated on the radiolytic interactions of
radon and radon progeny with other gaseous indoor pollu-
tants. The objectives are to chemically characterize the
gaseous and particulate products generated by the radioac-
tive decay of radon and its progeny, to determine forma-
tion rates and size distributions of the aerosols and resul-
tant equilibrium factors and to elucidate reaction mechan-
isms.

Three environmental chamber experiments were con-
ducted for the purpose of determining appropriate experi-
mental parameters. These experiments were conducted in
collaboration with P.K. Hopke and M. Ramamurthi,
University of Illinois.

The chamber was spiked with a mixture of volatile
organic compounds (VOC) and radon. VOC and radon
decay rates, over and above chamber background (deter-
mined in a separate chamber experiment), were monitored
for 42 hours. The activity size distribution of the ultrafine

aerosol was measured with a multi-screen sampler. Four -

VOC were used: n-hexane, toluene, 2,3-dimethyl-2-
butene, and limonene. The 2,3-dimethyl-2-butene had a

net decay rate of 0.007 h™’. The limonene decayed at a’

net rate of 0.004 h'. The decay rates for the other two
compounds were not significantly different from those
measured in the absence of radon. In this experiment,
there was no evidence of formation of ultrafine aerosol;
however, it was determined that n-butanol from the con-
densation nucleus counter had back diffused into the
chamber. This compound is a free radical inhibitor and
contamination of the chamber with the n-butanol probably
accounts for the lack of particle formation in contrast to
the first experiment.

A molecular beam mass spectrometer is being modi-
fied and evaluated to allow for the detection and quantifi-
cation of ions produced by the radioactive decay of radon
and its progeny in indoor air. The apparatus had previ-
ously been used to measure neutral species in transient
combustion events, using electron-impact ionization and
analog signal detection and averaging methods. Many sig-
nificant changes are needed in the beam system to permit
the detection of the low concentrations of ions that are
expected in these experiments.

*This research is supported by the Director, Office of Energy Research, Of-
fice of Health and Environmental Research, under Contract No. DE-AC03-
76SF00098.

Initial Efficiencies of Air Cleaners for
the Removal of Nitrogen Dioxide and
Volatile Organic Compounds*

J.M. Daisey and A.T. Hodgson

The objective of this research was to investigate the
effective cleaning rates (ECRs) of selected portable air
cleaners for removing NO, and volatile organic’ com-
pounds from air when first exposed to concentrations typi-
cal of those found indoors. The ECR represents the air
volume per unit time from which a contaminant has been
removed and is useful in evaluating the cleaning effect in
rooms of different sizes. We used NO, and VOC because
they have documented adverse health effects and are com-
monly found at elevated concentrations in residences:

Four portable air cleaners were selected for study. All
incorporated some activated carbon. Two devices desig-
nated PF1 and PF2 had multiple stage filter cartridges
employing glass fiber mats for particle removal. The PF1
air cleaner had a layer of finely divided carbon impreg-
nated in a fibrous mat and had the least amount of car-
bon. The PF2 unit had a layer containing activated carbon
pellets (115 g) and a catalyst (99 g). The ES unit had a
HEPA filter for particle removal, and contained the largest
amount of activated carbon (~130 g) which was com-
bined with potassium permanganate (~90 g). The fourth
device, EP, removed particles by electrostatic precipitation-
rather than filtration and had 55 g of activated carbon.

Experiments were conducted in a 20-m® environmen-
tal chamber operated without mechanical ventilation. The
chamber was ventilated and then the NO, and VOC were
added to the chamber and mixed. The air cleaner was
turned on and the rate of decay of the compounds was
determined. Removal efficiencies for NO, were deter-
mined at an initial chamber concentration of ~500 ug m?.
Six VOC, representative of five major classes of VOC typi-
cally found in indoor environments were used: n-heptane,
an aliphatic hydrocarbon; toluene, an aromatic hydrocar-
bon; dichloromethane (methylene chloride) and tetra-
chloroethylene chlorinated hydrocarbons; hexanal an
aldehyde; and 2-butanone (methylethylketone) a ketone.
The average initial chamber concentrations for these com-
pounds ranged from 130 to 680 ug m?.

None of the air cleaners removed dichloro- methane.
The initial ECRs for NO, and the remaining five VOC
(averaged for the VOC) for the four air cleaners are shown
(figure). The ES and PF2 devices were reasonably effec-

*This work was_supported by the U.S. Consumer Product Safety Commis-
sion under Contract-No. CPSC-IAG-86-1259 and by the Assistant Secretary
for Conservation and Renewable Energy, Office of Building and Communi- .
ty Systems, Buildings Systems Division of the U.S. Department of Energy
under Contract No. DE-AC03-76SF00098. )
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Figure Initial effective cleaning rates of four air cleaners
for NO, and five VOC (average). Effective cleaning rate
for the PF2 air cleaner after 150 hours of operation in a
house is also shown.

tive initially in removing NO, and the five VOC. Remo-
val rates were equal to one air change per hour or more
for a room of about 40 m®. The PF2 device, which had a
catalyst as well as carbon, had the highest ECR for NO,
and was almost twice as effective in removing NO, as was
the ES unit. These two devices had relatively high air
flow rates and the most carbon. The PF1 and the EP dev-
ices, had much lower ECRs for the removal of NO, and
VOC and would not effectively remove these pollutants
from even a small room.

The PF2 air cleaner was subsequently operated, with
the same filter, for 2.5 months (150 hours) in an older
residence of non-smokers who used a gas range for cook-
ing. The air cleaner was then tested a third time in the
chamber. The figure compares the ECRs in the first and
third experiments. For NO, the ECR was reduced to
about one-third ‘of the initial value. For the five VOC
removed by the air cleaner, the ECRs after field operation
were about half the initially measured values. The pro-
duct literature for this device states the estimated filter life
is about 1000 hours.

Further investigation is needed to determine ECRs
and efficiencies over periods of extended use for air
cleaners which have relatively high ECRs. Investigation of
possible chemical reactions occurring with extended use is
also warranted.
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Volatile Organic Compounds in Large
Buildings * -

J.M. Daisey and A.T. Hodgson

There have been increasing numbers of complaints
about discomfort and illness in new and newly renovated
office buildings. This increase in complaints has been
correlated with reduction in ventilation for energy effi-
ciency and increased uses of synthetic building materials
and furnishings. Exposures to volatile organic compounds
(VOC), originating from materials and furnishings and
various products used in large buildings are suspected to
play a role. However, there has been relatively little
research to characterize VOC in large buildings, to identify
their sources, to evaluate temporal and spatial variations
in VOC concentrations or the effects of building ventila-
tion on concentrations.

The purposes of the ongoing study of VOC in large
buildings are: 1) to develop a data base of concurrent
measurements of VOC concentrations and ventilation; 2)
to investigate both short- and long-term temporal varia-
tions in source strengths of VOC; and 3) to develop
methods to identify major sources and estimate their con-
tributions to indoor VOC concentrations.

To date, simultaneous measurements of VOC and of
ventilation have been made in four large office buildings,
a museum-teaching facility and a school. Concentrations
of total organic carbon in these buildings have ranged
from less than 1 to 11 mg-m™.

Temporal variations in indoor concentrations of VOC
and the effects of ventilation on VOC have been under
detailed investigation in a large seven-story office building
in Portland, OR in collaboration with R. Grot, National
Institute of Standards and Technology. The first measure-
ments were made in August, 1987, before the building
was completely finished but after it was partially occupied.
Subsequent VOC samples have been collected on three
occasions over a period of a year. In addition, samples of
major materials used to finish the interior have been col-
lected and screened for VOC emissions.

The concentrations of VOC and total organic carbon
in the Portland building have varied considerably over the
study, with the highest concentrations observed when the
ventilation rate was lowest. The concentration and venti-
lation rate data were used in a single-equation mass bal-
ance model to estimate specific source strengths and to
determine if these had declined as expected over time.
The results showed that the source strengths of the indivi-
dual VOC and of total organic carbon remained relatively

*This work was supported by the Assistant Secretary for Consefvation and
Renewable Energy, Office of Building and Community Systems, Buildings
Systems Division of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098 and by the National Bureau of Standards under In-
teragency Agreement No. BG-130(01).




constant over the course of the study. The dominant
source of the VOC in this particular building appears to
be, not the interior finish materials, but a solvent-using
activity in the building. Efforts to estimate the contribu-
tion of this activity to indoor concentrations are in pro-
gress. The emission of total organic carbon in this build-
ing was estimated to be over 2.5 kg per 8-hour day.

Development of a Sampling and
Analysis Method for Polycyclic
Aromatic Compounds in Indoor Air*

J.M. Daisey, L.A. Gundel, A.T. Hodgson, and F.]. Offermannt

Research was initiated to develop a method for sam-
pling and analyzing vapor- and particulate-phase polycy-
clic aromatic hydrocarbons (PAH) and nitro-PAH in
indoor air. Many of the PAH and nitro-PAH are carcino-
gens in animals but there have been few indoor measure-
ments of these compounds. Efforts to measure these com-
pounds in indoor air have been hampered by the lack of
sensitive, validated sampling and analytical methods. For
indoor air, the sampling rate must be much less than the
air exchange rate so that the act of sampling has a
minimal impact on the concentrations of indoor pollutants
which are removed by the sampling.

The approach being taken in this research is to
develop and validate a sampler consisting of a filter fol-
lowed by an XAD-4 resin bed to collect, respectively, par-
ticulate and vapor phase PAH and nitro-PAH. Approxi-
mately 25 m’ of air will be sampled in 12 hours. After
solvent extraction, the vapor phase compounds will be
analyzed by gas chromatography-mass spectrometry and
the particulate phase compounds will be analyzed by high
pressure liquid chromatography with fluorescence detec-
tion. The methods will be field tested in selected houses.

*This work was supported by a contract from Indoor Environmental En-
gineering and the California Air Resources Board.

tIndoor Environmental Engineering, 3400 Sacramento Street, San Fran-
cisco, CA 94118 :

The Role of Heterogeneous Reactions
of NO; in Indoor Air*

" .M. Daisey and L.A. Gundel

Concentrations of NO, in indoor air can be one to
two orders of magnitude greater than those in outdoor air
if combustion sources such as gas stoves are present.
Indoor surfaces have been shown to remove NO,, and in
a few instances, to convert it to NO. The purpose of this
study was to determine if heterogeneous reactions of NO,
on surfaces of materials in indoor environments could pro-
duce other secondary pollutants which might be hazar-
dous or which might initiate further indoor atmospheric
chemistry.

Experiments were conducted in a specially designed
and constructed annular reaction vessel containing selected
indoor materials: wool or nylon carpet, polyurethane
foam or wallboard paper. NO,, at concentrations of 1
ppm or less, was passed through the vessel in dry or
humid (50% relative humidity) air. Concentrations of
NO,, NO, HONO, and HNO; were measured downstream
of the reactor. An annular denuder was used to collect the
acidic gases, HONO, HNOs.

Each material removed a large fraction of the incident
NO,. The polyurethane foam removed all of the NO, in
the air stream during the initial exposure period, but after
about 5 hours was saturated. Nylon and wool carpet
removed about 35% and 50%, respectively, of the incom-
ing NO,. NO was produced in varying amounts on all of
the four materials investigated.

Significant quantities of gas phase nitrous acid
(HONO) were produced from the interaction of NO, with
both the foam and the wool carpet. Much smaller quanti-
ties of nitric acid (HNO;) were produced. The excess of
HONO over HNOj; indicates that a direct reaction with
these materials, rather than a disproportionation in sorbed
surface water, has occurred. On foam, in humid air, at
least 7% of the initial NO, (560 ppb) was converted to
HONO, at a rate of about 0.5% per hour. For wool car-
pet, the conversion rate was only about 0.1% per hour.

The results of the experiments on heterogeneous reac-
tions on surfaces of indoor materials have demonstrated
that nitrous acid can be generated in indoor environments
at substantial rates. The presence of this secondary pollu-
tant may lead to subsequent indoor atmospheric chemistry
and/or may pose some health hazard in itself.

*This research is supported by Exploratory Research and Development
Funds from the Lawrence Berkeley Laboratory.



Transport of Volatile Organic
Compounds from Soil into a
Residential Basement*

A.T. Hodgson, K. Garbesi, R.G. Sextro, and ].M. Daisey

For residents of nearby houses, landfills are poten-
tially important sources of exposure to toxic volatile
organic compounds (VOC). Even municipal landfills
accepting only nonhazardous material have been found to
contain air concentrations of VOC high enough to cause
concern. If not properly contained, VOC can migrate
through the soil by aqueous or gas-phase transport. Gase-
ous compounds in the soil around houses are available for
transport into these houses.'

Our investigation sought to identify the mechanisms
involved in transport of VOC from soil gas into the base-
ment of a house situated in an area of contaminanted soil.
The study site was a single-family house adjacent to a
covered municipal landfill in California. We had found
previous evidence of migration of gas and VOC to the site
from a landfill 70 m from the house at its closest point.
The house was built over a basement which was almost
entirely below grade. The foundation and basement con-
sisted of a cement-block wall built on a cement slab.
Experiments were conducted at the site over a four month
period during the dry season.

Thirty soil probes were installed around the house at
distances ranging between 0.5 to 12 m from the basement
wall. The majority of these probes terminated at a depth
of 1.5 m. The in situ permeability of the soil measured at
the soil probes averaged 2 x 101° m?.

Samples of soil gas, outdoor air, and indoor air for
qualitative and quantitative analyses of VOC were col-
lected on multisorbent samplers and analyzed by gas
chromatography-mass spectrometry. The VOC identified
in soil gas were predominantly halogenated and oxy-
genated compounds, a number of which have been
detected in landfills. The dominant compounds in soil gas
were Freon-11, Freon-12, tetrachlorethylene, dichloro-
methane, and acetone. Many of the compounds in soil
gas were also measured in indoor air but at much lower
concentrations. Since. the ‘house was unfurnished and
unoccupied and had no other obvious sources, soil gas
was assumed to be the primary source of most of these
compounds.

The entry rate of soil gas into the basement was
estimated as a function of basement depressurization.
Pure SF, was injected into the soil around the house to
provide a source of labeled soil gas. One month later,
after the SFy had diffused over most of the site, the soil-
gas concentrations of SF¢ and Freon-12, a soil-gas contam-

*This work was supported by the Occidental Chemical Corporation under
agreement BG8602A and by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building
Systems Division of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.

inant, were measured at the soil probes nearest the base-
ment. Then, with the basement closed, the exhaust fan
was operated to produce pressures in the basement of -20,
-30, -40, and -50 Pa relative to ambient pressure. Concen-
trations of SF¢ and Freon-12 in basement air were continu-
ously monitored throughout the.experiment. The entry
rate of soil gas at each depressurization stage was
estimated from the concentration data using a simple
mass-balance model, assuming steady-state conditions.
The slopes of the regression lines of entry rate versus
basement depressurization diverged for SF, and Freon-12
undoubtably due to differences in their distributions
around the house and the consequent uncertainties in the
average soil gas concentrations of the two compounds.
However, the regressions suggest that for this house the
entry rate of soil gas due to pressure-driven flow would be
less than 1 m3/h at a typical basement depressurization of
a few Pascals resulting from wind ‘and an’ indoor-outdoor
temperature differential. For comparison, the infiltration
rate of outdoor air for the house at typical winter condi-
tions would be about 500 m?/h.

Since the basement of this house was well coupled
with the soil and the soil was moderately permeable, the
pressure-driven entry of soil gas was probably limited by
the low below-grade leakage area of the basement. How-
ever, for houses with greater below-grade leakage areas,
soils of equal or greater permeability, and low infiltration
rates, the relative contribution of pressure-driven inflow to
the total inflow of air can be much higher. Therefore, it is
concluded that advective transport can result in elevated
indoor concentrations of soil-gas VOC in those houses
which have high relative inflow rates of contaminated soil
gas.

REFERENCE
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The Indoor Environment of
Commercial Buildings*

D.T. Grimsrud, ].T. Brown, W.]. Fisk, ].R. Girman

The primary focus of research in indoor air quality
has been on residential buildings. This report, by contrast,
concentrates on commercial (office and institutional) build-
ings and is intended for a broad audience ranging from

* This work was supported by the Electric Power Research Institute, Inc.
(EPRI) and the Assistant Secretary for Conservation and Renewable Energy,
Office of Buildings and Community Systems, Building Systems Division of
the U.S. Department of Energy under Contract No. DE-AC03-765SF00098.




those who have no previous background in indoor air
quality to those with considerable indoor air quality
experience.

A recurring theme throughout the report is the sick
building syndrome. This troublesome phenomenon, an
attribution of the source of general feelings of irritation
and malaise to the occupant’s building, can cause signifi-
cant economic damage to the building owners and tenants
if the productivity of the workforce declines. Considerable
uncertainty exists regarding the cause or causes of sick
building syndrome. Cuirrent research on indoor air quality
issues in commercial buildings concentrates on sick build-
ings; however, one must be careful not to overemphasize
this topic. The health outcomes associated with the sick
building syndrome tend to be short-term irritation effects.
Longer-term, chronic effects associated with exposure to
pollutants in commercial buildings may be equaily or more
important. These are not addressed typically in any study
focused on the sick building syndrome. Where long-term
effects are understood, they are discussed in this report.

The report is divided into seven chapters. The intro-
ductory chapter is followed by a discussion of the effects
of initial design decisions that affect air quality. Many of
these design decisions pertain to the ventilation systems.
The mechanical ventilation systems, rare in residences but
common in commercial buildings, have been identified by
some as major causes of problems in the indoor environ-
ment. Their influence on indoor air quality is treated in
chapter three. -

Pollutants present in commercial buildings are dis-
cussed in chapter four. The discussion is organized by
pollutant classes arranged in order of the expected per-
vasiveness of the pollutant problem. The long pollutant
chapter is followed by the three final shorter chapters exa-
mining human factors, investigative procedures, and gen-
eral corrective procedures to be considered when problems
are discovered.

Pacific Northwest Existing Home
Indoor Air Quality Survey and
Weatherization Sensitivity Study *

«
\

B.H. Turk, D.T. Grimsrud, ].}-Iarr'ison, R.J. Prill, and K.L. Rev-
zan

The study reported in this paper had the following
objectives:

1) survey indoor pollutant concentrations in unweath-
erized Pacific Northwest housing, '

*This work was supported by the Bonneville Power Administration (BPA)
under contract no. DE-A179-83BP12921, by the Assistant Secretary for
Conservation and Renewable Energy, Office of Buildings and Community
Systems, Building Systems Division of the U.S. Department of Energy
under contract No. DE-AC03-76SF00098.

2) study the effect of weatherization on indoor pollu-
tant levels.

SCREENING SURVEY

A screening survey of indoor air quality in 111
unweatherized houses was followed by staged weatheriza-
tion in 40 of these 111 structures. Study sites were
located in two of the three major climate areas of the
Bonneville Power Administration (BPA) region. Houses in
Portland and Vancouver, WA are found in the mild, coa-
stal region while houses in Spokane and Coeur d’Alene,
Idaho are located in located in the high plateau desert
region east of the Cascade Mountains. Passive samplers
to measure concentrations nitrogen dioxide, water vapor,
formaldehyde, and radon were mailed to homeowners
who put them in place using the shipping box as the
sampler holder. Extensive telephoning was required to
assure that instructions were followed. The screening sur-
vey results indicate that indoor concentrations of nitrogen
dioxide (geometric mean of 5 ppb), formaldehyde
(geometric mean of 37 ppb), and water vapor (arithmetic
mean of 6.7 g/Kg) were significantly below levels of con-
cern. However, the survey led to the discovery of
elevated indoor radon levels in houses in the Spokane
River Valley/Rathdrum Prairie of Washington and north-
ern Idaho. The geometric mean concentration for 43
houses in that area was 4.4 pCi/L, compared with other
regional and national studies that range from geometric
means of 0.8 to 1.0 pCi/L. The high indoor radon levels
found in the Valley/Prairie are due to the convective flow’
of radon-bearing soil gas from a highly permeable soil into
the houses.

WEATHERIZATION STUDY

Forty-eight houses from the.screening survey were
chosen for the weatherization sensitivity phase of the
study. Eight of the houses remained unweatherized during
the study and acted as control structures; monthly meas-
urements of pollutant concentrations were made in these
houses to track the impact of non-weatherization factors
on pollutant concentrations. The remaining houses
underwent a variety of staged weatherization retrofits: all
40 houses received the standard BPA weatherization pack-
age, 14 houses also received wall insulation, while five of
the forty houses also received house doctoring. Building
and pollutant measurements were obtained using passive
samplers where possible, and real-time instrumentation
where necessary. Spokane/Coeur d’Alene houses were
more tightly sealed against air leakage, both before
(geometric mean specific leakage area of 4.9 cm?/m?) and
after weatherization (geometric mean of 4.1 cm?/m?) than
the Vancouver area houses (geometric mean of 5.3 and 4.9
cm?/m?, respectively). BPA’s standard weatherization pro-
gram reduced the specific leakage area of the 40 weather-
ized structures approximately 12.5%. The reduction due
to wall insulation (6%) was not statistically significant.
House doctoring resulted in an additional reduction in
leakage area of 26%. )



Ventilation rates measured using passive sampling
techniques and perfluorocarbon tracers (PFT) had a
geometric mean of 0.37 h'! before weatherization, 0.39 h'!
after weatherization, and 0.30 h” after house doctoring;
however, these ventilation rates have not been corrected
to account for different environmental conditions during
the various measurement periods. The PFT-measured
ventilation rates averaged approximately 20% lower than
ventilation rates calculated using the measured leakage
areas, weather data and a predictive model developed at
LBL. The PFT technique yields results for a specific set of
environmental conditions. The leakage area measurement
combined with predictions accounts for environmental
conditions but has significant uncertainties due to the reli-
ance of an imperfect model. Because, ventilation rates
scale with leakage area, we use the change in the leakage
area of the house as the best measure of the change in the
ventilation produced by weatherization.

Changes in pollutant concentrations were not well
correlated with changes in ventilation rates. Factors other
than ventilation, including pollutant source strengths,
occupant effects, and environmental conditions are more
important in influencing indoor pollutant levels.

While not correlated with changes in ventilation, pol-
lutant concentrations did change. Measured data from this
* study showed increases of 11% in water vapor concentra-
tions, 1% in formaldehyde concentrations, and reductions
of 6% in NO2 and 43% in radon concentrations when the
means of the pre- and post-weatherization samples are
compared. However, these results represent measure-
ments made during different environmental conditions.
Therefore, the results must be corrected to standard condi-
tions if meaningful comparisons are to be made. Simpli-
fied models were developed to evaluate the impact of
environmental conditions. on indoor air pollutants. The

models were used to recalculate radon, water vapor, and.

formaldehyde concentrations from before and after weath-
erization to corrected standard conditions. The concentra-
tions adjusted to standard conditions show an increase of
8% in post-weatherization water vapor concentration rela-
tive to pre-weatherization conditions; a decrease of 3% in
formaldehyde concentrations, and a decrease of 33% in
radon concentrations. Only the changes in the radon con-
centrations are statistically significant. Where the radon
data are separated by substructure type we find that only
in crawlspace houses, where ventilation is added to crawl-
spaces during weatherization, were the indoor radon levels
significantly reduced. Radon levels in houses with other
substructure types may have decreased also, but the
changes are not statistically significant.

The impact of weatherization on indoor air quality is
rather modest with the exception of its impact on radon
concentrations. In a house with a crawl space, the stan-
dard BPA weatherization package improves indoor air
quality by reducing radon concentrations.

The findings from this study showed that indoor pol-
lutant concentrations were low except for radon concentra-
tions in existing houses in the Spokane area. The stan-
dard weatherization measures reduced the specific leakage

area and therefore the ventilation in these houses by 12%.
A poor correlation was seen between ventilation changes
and changes in pollutant concentrations. Finally, weather-
ization had a modest effect on pollutant concentrations
other than radon. Weatherization caused radon concentra-
tions to decrease significantly in crawl space houses.

Commercial Building Ventilation
Measurements Using Multiple Tracer
Gases* '

William ]. Fisk, Richard ]. Prill, and Olli Seppanen

Indoor air quality and the efficiency of ventilation
depend, in part, on the rate of supply of outside air and
also on the spatial variability of ventilation and the indoor
flow patterns. For example, some rooms may be over-
ventilated and others under-ventilated. Another concern
is the possibility that fresh air supplied at ceiling-level
short circuits to ceiling-level return grills such that the
occupied region is poorly ventilated. Such a flow pattern
would be inefficient. Conversely, a displacement or
piston-like flow pattern in the floor-to-ceiling direction
would generally be efficient since the air exiting the build-
ing would typically have an above-average concentration
of pollutants.

Three new parameters are used to describe the venti-
lation process in detail. The first parameter is the age of
air which equals the amount of time the air has been in
the building. The second parameter is the air exchange
efficiency which equals the age of the air that exits the
building divided by twice the spatial-average age of indoor
air. The air exchange efficiency equals 0.5 when the
indoor air is perfectly mixed--values below and above 0.5
indicate short circuiting and displacement flow patterns,
respectively. The third parameter is the source of air frac-
tion which equals the fraction of air at some location that
entered the building through-a particular air handler or by
infiltration.

To measure these new parameters, we simultaneously
label each incoming stream of outside air with a different
tracer gas. Outside air may be labeled directly by injecting
a tracer gas at a constant rate directly into the stream of
outside air, or labeled indirectly by injecting the tracer into
the mixture of outside air and recirculated indoor air.
Tracer injection is continued until concentrations in the air
exiting the building are stable. Using cart-mounted gas
chromatographic systems, tracer gas concentrations are
monitored versus time in the major ducts of the air han-

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Buildings and Community Systems, Building
Systems Division of the U.S. Department of Energy under Contract No.
DE-AC03-765F00098.




dling units. During the period of injection, small local
samplers in occupied spaces pump air/tracer samplers at a
constant rate into one-liter sample bags yielding samples
with time-average tracer concentrations. When tracer con-
centrations have stabilized, a syringe sample is collected at
the location of each local sampler and operation of the
local sampler is terminated.

Previously-established data analysis procedures based

on age distribution theory have been modified to account
for the use of multiple tracer gases. Source of air fractions
are determined from ratios of steady-state tracer gas con-
centrations to measured (or predicted, if the outside air is
labeled indirectly) concentrations of the same tracer gases
in the streams of incoming outside air. Ages of air are
determined from the source of air fractions and numerical
integrations of the real-time tracer gas concentrations or
by equivalent computations using the data collected at
local samplers. Finally, the spatial average age of the
indoor air is estimated by averaging the ages measured at
numerous indoor locations.

The results of investigations in a complex of three
interconnected office buildings and in an isolated office
building are summarized. Within regions of these build-
ings that are served by a single air handler that supplies a
mixture of outdoor and recirculated indoor air, the meas-
ured ages and source of air fractions varied by 30% or less
from the region-average values. Monitoring at different
heights above floor level provided no evidence of either
short circuiting or displacement flow patterns within a
room. Age of air varied more substantially between
physically-isolated regions of a building (e.g., different
floors with no mechanical recirculation between the floors)
and between regions served by different air handlers. In
the complex of buildings, air exchange efficiency values
were close to 0.5, suggesting relatively uniform mixing of
the indoor air in regions served by a single air handler. In
the isolated building, air was supplied and removed from
physically-isolated regions, and the air exchange efficiency
was 0.7. Monitoring in additional buildings is required
before general conclusions can be drawn regarding these
aspects of ventilation in commercial buildings.
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Indoor Exposure Assessment*

G.W. Traynor, A.V. Nero, S.R. Brown, M.A. Apte, and B.V.
Smith

The Indoor Exposure Assessment Project has three
major research themes: 1) to continue the development of
a macromodel to characterize the frequency distribution of
indoor pollutant concentrations; 2) to compile a data base
of field measurements of indoor pollutants; and 3) to con-
duct assessments of the health risks associated with expo-
sures to indoor air pollutants. Conceptually, the first two
projects supply the data needed for the third project of
assessing health risks from indoor air pollutants.

In FY 1988, modeling efforts assessing the distribution
of indoor exposures to combustion pollutants were contin-
ued; the concentration of indoor pollutants (CIP) data base
was expanded; and the overall assessment of carcinogenic¢
risk from indoor exposures was advanced.

MACROMODEL TO ASSESS INDOOR
CONCENTRATION DISTRIBUTIONS

A major effort of the Indoor Exposure Assessment
Project has been to utilize available information on the
behavior and occurrence of indoor pollutants as a basis for
assessing, in a systematic way, the distribution of public
exposures to important classes of indoor pollutants. Initial
efforts of the project focussed on the problem of estimat-
ing exposures to combustion emissions. This effort has
resulted in the development of a macromodel that can
predict indoor pollutant distribution across houses for car-
bon monoxide (CO), nitrogen dioxide (NO ;) and respir-
able suspended particles (RSP).!

The model development was completed in FY 88. The
model is based on, and is-an expansion of, mass balance
principles commonly used in IAQ studies. Keys to the
model include the characterization of building stock
parameters relevant .to IAQ (e.g., house volume, air

*This work was supported by the Director, Office of Energy Research, Of-
fice of Health and Environmental Research, Human Health and Assess-
ments Division, by the Assistant Secretary for environment, Safety and
Health, Office of Environmental Analysis, and by the Assistant Secretary
for Conservation and Renewable Energy, Office of Building and Communi-
ty Systems, Building System Division of the U.S. Department of Energy
under Contract No. DE-AC03-76SF00098; by the Directorate of Health Sci-
ences of the U.S. Consumer Product Safety Commission through Interagen-
cy Agreement CPSC-IAG-86 with DOE; by the Gas Research Institute, Chi-
cago, IL with DOE; and by the Electric Power Research Institute, Palo Alto,
California through contract RP2034-14 with DOE.



exchange rate), the investigation of the market penetration
of combustion appliances and other indoor combustion
sources, and the development of source usage models.
The model utilizes deterministic and Monte Carlo simula-
tion techniques to combine all of the inputs yielding
indoor pollutant concentration distributions.

Although the initial modeling efforts concentrate on
three combustion pollutants, the model is being developed
with explicit attention to future expansion of the model to
describe other indoor air pollutants concentrations from a
wide variety of sources.

The planned activities for FY 89 are: 1) finalize the
formal report on the development of the model; 2) con-
duct sensitivity analyses and micro/macro comparisons of
the model to rank information/modeling gaps; and 3)
explore the potential for generalizing the model and
expanding it to include combustion pollutants other than
CO, NO,, and RSP (e.g., polycyclic aromatic hydrocar-
bons, dinitropyrenes or other organic mutagens), radon,
and non-combustion organic contaminants such as those
arising from building materials, furniture, and consumer
products.

CONCENTRATIONS OF INDOOR POLLUTANTS
(CIP) DATA BASE

During the last ten years public and governmental
concern regarding indoor air quality in this country and
elsewhere has greatly increased. This concern has resulted
in hundreds of field experiments being carried out to mon-
‘itor pollutant concentrations and other relevant parameters
in a wide variety of building types and geographic loca-
tions.

The goal of this project is to create a computerized
data base of the results of field studies devoted to moni-
toring indoor air quality in occupied buildings in the
United States and Canada.

A major update to the Data Base was prepared during
FY 88. New bibliographic references, summary data sets
were added. Several minor enhancements to the software
were made.

Software was written to support user entry and edit-
ing of summary search data. When distributed, this would
make it possible for the user to enter not only their own
bibliographic data, but also summary data and text.

The first draft of a technical reference manual was
prepared. This manual is designed to provide a journey-
man programmer with enough information to modify and
extend the data base system. It includes file specifications,
heavily commented source code, a subroutine tree, and
other useful information.

The CIP Data Base (Version 3.1) has been imple-
mented in a microcomputer environment running MS-
DOS, using dBase III, and a commercial dBase IIl com-
piler, Clipper.

Additional updates to the data base will be distributed
during the fiscal year. The updates will include all avail-
able published work and final reports. In addition, the
user community will continue to be supported. There are
over 200 current users of the CIP Data Base.
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RISK ASSESSMENT

The purpose of this work is to utilize exposure infor-
mation as a basis for estimating the health risks due to
various classes of indoor pollutants. ‘

Earlier work in this area has made sufficient progress
in examining risks of major pollutant classes that, together
with other information, it is now possible to assemble ten-
tative pictures of risk for certain health endpoints, at least
for diseases like lung cancer, that are usually fatal.

The LBL effort has previously examined data on
indoor radon concentrations as a basis for estimating the
distribution of indoor concentrations, and hence exposures,
in U.S. homes.? This indicates that the average indoor
concentration is approximately 1.5 pCi/l (55 Bq/m?) in
single-family homes and that approximately 7% (or 4 mil-
lion houses) have annual-average concentrations exceeding
4 pCi/l (150 Bq/m®). Together with various epidemiologi-
cal data, this leads to an estimate of the average lifetime
risk of lung cancer due to radon exposures of about 0.4%),’
with long-term occupants of houses with 150 Bq/m’
incurring a risk exceeding 1% and those living at higher
concentrations having proportionately higher risks.

This defines a spectrum of risk from radon that is
much higher than the risks associated with typical
environmental pollutants, i.e., those in outdoor air and in
water supplies, and that compares with occupational risks
or with risks associated with personal choices - e.g.,
accidents in homes or cars or, in the extreme, cigarette
smoking. Similarly, analysis of organic chemicals indoors
leads to an estimated average risk of cancer of 0.03-1%
due to indoor exposures (depending on the form of dose-
response model used).*® This again is a large risk com-
pared with other environmental situations.

This picture of risk of premature death due to indoor
exposures can be filled out by noting the estimated effects
of two other pollutants about which there has been much
concern: environmental tobacco smoke (ETS) and asbes-
tos.® Although controversial, midrange estimates of the
risk of lung cancer to the average nonsmoker, due to
breathing ETS, are comparable to the middle of the
estimated range for organic chemicals just noted. Esti-
mates of the risk from asbestos exposure, arising primarily
indoors, are somewhat lower. Nonetheless, estimated
risks from all of these indoor pollutants just named exceed
10%, which is larger than most environmental risks. This
more complete, albeit tentative, picture of the risks of
indoor pollutants provides a direct basis for considering
the importance of indoor pollutants and influences the
design of strategies to control indoor air pollution levels
by contributing to fuller development of our general per-
spective on risks due to pollutant exposures.

We will continue to 1) reexamine radon risk estimates
in the light of new data on U.S. radon concentrations and
reanalysis of the full body of epideiological data, 2) under-
take a general evaluation of our current state of
knowledge on organic chemicals and their importance, and
3) include results from combustion exposure modeling in
assessment of indoor risks.
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Energy Performance of Buildings*

M.H. Sherman, R.C. Diamond, D.]. Dickerhoff, H.E. Feustel,
M.K. Herrlin, A. Kovach, M.P. Modera, B.V. Smith, C. Stoker,
and Y. Utsumi

- The Energy Performance of Buildings Group (EPB)
carries out fundamental research into the ways energy is
expended to maintain desirable conditions inside build-
ings. Our results form the basis of design and construc-
tion guidelines for new buildings and retrofit strategies for
existing buildings. In this article, the work carried out
over the last year is split into four overlapping sections: 1)
Existing Buildings Efficiency Research, 2) Air Infiltration,
3) Air Leakage, and 4) Wood Burning. The emphasis in
our work is on whole building performance. We collect,
model, and analyze detailed data on the energy perfor-
mance of buildings, including the micro-climate, the
building’s thermal characteristics, the mechanical systems,
and the behavior of the occupants. Because of the mul-
tidisciplinary approach we work closely with other groups,
both at the Laboratory and elsewhere.

*This work was supported by the Assistant Secretary*for Conservation and
Renewable Energy and Office of Building and Community Systems, Build-
ing Systems Division of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098, Idaho Department of Water Resources and the
Bonneville Power Administration.
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EXISTING BUILDINGS EFFICIENCY RESEARCH

As new buildings—both residential and
commercial—are responding to higher energy prices and
stricter energy codes by becoming more energy efficient,
the existing stock represents a large untapped area for
energy conservation activity. Of the three buildings sec-
tors, single-family, multifamily, and commercial, multifam-
ily has had the least level of activity, and presents some of .
the greatest challenges. Over one quarter of the U.S.
housing stock is in multifamily buildings. The Office of
Technology Assessment estimates that while current levels
of retrofit activity in multifamily buildings are likely to
save 0.3 quads of energy (320 petajoules) by the year
2000, the potential savings are more than three times as
much.

The Existing Building Efficiency Research Program
was initiated to address these problems in all three build-
ing sectors, single-family, multifamily, and commercial.
The U.S. Department of Energy has designated LBL as the
primary lab for carrying out research in the multifamily
sector, and while the emphasis in the past years has been
in coordinating research in this sector, we continue to
work in single-family and commercial buildings. A review
of the work in all three sectors is available.’

©

Protocol Development

The need for a standardized set of procedures for
monitoring buildings has led to our developing a monitor-
ing protocol for residential buildings. An earlier draft of
the protocol was used to specify the monitoring pro-
cedures during field tests in multifamily buildings in Chi-
cago and Minneapolis/St. Paul. The experience gained at
these monitoring sites has been incorporated into subse-
quent drafts of the protocol. The objective of the protocol
is to provide a comprehensive standard for data collection
and evaluation of retrofit performance. A primary goal for
the protocol work is the development of an ASTM and
ASHRAE standard for building monitoring.

Development of Audits and New Diagnostic
Techniques "

While the protocol provides a guideline for long-term
monitoring, practitioners and researchers also have a need
for short-term diagnostic tests to understand the charac-
teristics of the building shell and mechanical systems. In
addition to having a tool box of basic diagnostic tech-
niques, the practitioner needs a strategy for how to use
them.

The Multifamily Audit currently under contract to
Princeton University gives the necessary information for
determining appropriate retrofits for an individual build-
ing.2 Based on material developed by Princeton and LBL,
the audit outlines the steps to evaluate, select, and analyze
the performance of the retrofits in a multifamily building.
A draft of the audit was prepared in conjunction with the
joint Princeton/LBL diagnostic demonstration (March,
1988) and a final copy will be available by 1989.



Diagnostics for energy use in multifamily buildings
that have been developed or are currently under develop-
ment include tests of boiler efficiencies, distribution losses,
shell and inter-apartment leakage, and household appli-
ance efficiencies.

Following the development of air leakage diagnostics,
we tested a ten-unit apartment building to determine air
flows between units and to the outside. Results from
these tests showed that the individual apartments were
quite leaky to the outside, but had very little leakage
between units, in contrast to the older buildings we had
been studying previously.

Analysis of Retrofit Performance in Multifamily
Buildings

We developed two models in the past year based on
data collected from earlier monitoring projects in Chicago
and Minneapolis. The first models the air flow through
combustion appliances (i.e., heating and hot water sys-
tems) that exhaust through a common chimney, a situation
that is typical in multifamily buildings. The model can be
used to peredict the performance of retrofits such as vent
dampers or flow restrictors based upon the physical confi-
guration and operating characteristics of the system.?

The second model characterizes the seasonal effi- -

ciency of multifamily boilers, taking into consideration the
venting issues described above, as well as jacket and
ground heat losses. Jacket losses from the older brick-set
boilers were as high as 12 percent. Newer, steel-case and
sheet-metal boilers had jacket losses of 2-4 percent. More
than 80% of the losses were found to occur in off-cycle.
This model is capable of providing the data necessary to
make recommendations for boiler retrofit or replacement.?

Institutional Barriers

The widespread adoption of many retrofits is hindered
by institutional barriers, including split financial incentives
between owners and tenants, lack of information on the
part of building managers, and a wide range of behavioral
issues. We evaluated three projects this year that looked
at institutional barriers, the first on the role of apartment
managers in determining the energy use in multifamily
buildings, a second study on how to improve information
about energy use and savings to homeowners and renters
based on their utility bills, and a third project that looked
at how decisions are made that affect the energy use in
new office buildings.

The study of apartment managers surveyed several
groups and building organizations that have addressed the
problems of improving energy efficiency in multifamily
buildings through better operations and maintenance.
Motivation and feedback were found to be the two key
elements in ensuring adequate attention by the building
managers. We undertook case studies to examine the
basic problems confronting apartment managers, and inno-
vative solutions to these problems were documented.>

One of the difficulties in retrofit research is finding
simple ways to evaluate the performance of the retrofits.
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Often the only feedback available to homeowners who
have undertaken retrofits is to compare utility bills from
before and after the retrofit. While energy researchers can
weather-normalize the pre- and post-retrofit energy con-
sumption, homeowners will typically compare only their
costs, receiving potentially misleading information.

In work carried out by the Center for Environmental
Studies, Princeton University, we collaborated on a project
to provide a sample of households in New Jersey with a
home energy report which showed their monthly house-
hold energy consumption, weather-normalized, for a two-
year period. The households were then surveyed to deter-
mine whether they found this information useful, whether
it helped them determine if their previous retrofits were
successful, and whether the information would encourage
them to take further steps in conserving energy. The
results of this feedback study showed that while most
households appreciated having the information, and found
it quite interesting, many were unable to grasp the concept
of weather normalization. Several of the households,
however, thought that the information would help them
keep track of how much energy they were using.® In 1988
we started a similar study to focus on providing informa-

tion to tenants in multifamily buildings.

We completed the evaluation of two innovative office
buildings designed to showcase new energy technologies.
The work was carried out in collaboration with Princeton
University, and focused on the design process and how
decisions affecting energy performance were made. As
part of the study we evaluated the tenants’ satisfaction
with the buildings.” An off-shoot of this work will be our
involvement in FY ‘89 in evaluating a sample of new
energy-efficient buildings in the Pacific Northwest.

AIR INFILTRATION AND VENTILATION

With improved insulation of the building shell, heat
loss from ventilation—whether controlled or by
infiltration—has become an even more important fraction
of a building’s overall heat loss. Our air infiltration and
ventilation work is split into three areas, multizone model-
ing, ventilation and moisture analysis, and support for the
International Energy Agency’s ventilation annexes.

Multizone Modeling

A number of computer programs have been
developed to calculate air flow patterns in buildings.
Awareness of the airflow pattern in a building is particu-.
larly important when (1) determining indoor air quality for
the different zones in a building, (2) evaluating smoke dis-
tribution during a fire, and (3) calculating space condition-
ing loads. Sizing space conditioning equipment is also
dependent upon accurate air flow information.

To treat the true complexity of the air flows in a mul-
tizone building, extensive information is needed regarding
flow characteristics and pressure distributions both inside
and outside the building®? To reduce the input data
required by detailed infiltration models, simplified models
have been developed. Most of these, including the one




developed at LBL, simulate infiltration associated with
single-zone structures.

A high percentage of existing buildings, however,
have floor plans that characterize them more accurately as
multizone structures. Although multizone models exist,
the vast majority are not readily available to the end user.’
These models need inordinate amounts of input data.
Therefore, a simplified multizone model capable of provid-
ing the same accuracy as the established single-cell models
is being developed at LBL.!

The first validation of the simplified model for
predicting multizone air flows was completed this year.!!
We plan to validate the model in the coming year through
multigas tracer measurements both in the laboratory and
in the field, as well as through an extensive collaborative
international effort with the Laboratoire d’Energie Solaire
(LESO) at the Ecole Polytechnique Federale de Lausanne in
Switzerland.

The bulk of the multizone infiltration modeling work
was done in cooperation with the Joint Research Centre of
the European Communities in Ispra, Italy. Work included
the preparation for the COMIS workshop in FY89.
COMIS (Conjunction of Multizone Infiltration Specialists)
is a year-long international workshop scheduled to take
place at LBL during FY89. Experts from approximately 10
different countries will work together to complete the
problem of predictive modeling of air flow in multizone
buildings. The intended outcome is a general purpose
computer code for use by designers, policy makers,
researchers, etc.

Ventilation and Moisture

The MultiTracer Measurement System (MTMS) is a
multigas tracer system that allows the simultaneous deter-
mination of the air flows between all of the zones within
a building, as well as to the outside. The system is built
around a quadrapole mass spectrometer which allows fast
measurement of the concentration of all the tracer gasses
in all zones. Injection of the tracer gas is controlled to
keep a nearly constant concentration of the tracer in the
zone it is injected. This is done to optimize the measure-
ments and is not required for the analysis, as is the case in
a single-gas system. MTMS has been used to measure up
to five zones within a building and has the capability to
measure eight.

This year MTMS was used in a comparison between
multi-zone measurement systems developed by LBL,
Princeton University and Brookhaven National Lab.!? Of
the three systems, MTMS gave both the greatest informa-
tion about air flows and had the most flexibility.

Figure 1 shows a three day segment of one of the
trace gases (gas 3) in fize zones of the apartment complex.
Zone 1 is an upstairs apartment and has no connection to
the other zones. Zone 4 is a district heat exchanger room
and has a large exhaust fan. At time 75.6 the door
between zone 3 and 4 is closed and we see the concentra-
tion of gas 3 increase in zone 3 and decrease in zone 4.
To obtain the desired target concentration of 10 ppm (of
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Figure 1. Tracer gas concentrations in a four-zone confi-
guration. Controlled concentration is in the zone 3.

gas 3 in zone 3) the injection rate is reduced. A similar
response is seen at 70.8 when the exhaust fan is turned
off, and its opposite at 71.4 when the fan is turned back
on.

MTMS was also used in Princeton to measure air
flows in conjunction with measurements on radon levels
in a residence which used either electric resistance or cen-

- tral forced air heating systems.’’> The information MTMS

provided about inside air flows and flows in combustion
devices helped to determine radon entry behavior and
flow paths. MTMS was also used in two residences in the
Pacific Northwest as part of a study to compare blower-.
door and passive ventilation measurement techniques.

Our effective ventilation efforts have provided tech-
niques for estimating how much passive ventilation meas-
urement techniques will underestimate the average ventila-
tion rate. For typical housing the underestimates are at
the 20% level. Results of the air flow calculations for the
data set shown in Figure 1 are given in Figure 2. Note
the large drop in flows when the door is closed and when
the exhaust fan is turned off. We can also see that the
flow direction between zone 3 and 2 changes when the
exhaust fan is turned off. Estimated errors for these flows
are typically about 10% for flows to/from outside and
20% between zones. _

In FY 88, we also initiated a field monitoring project
in College Station, Texas to examine the performance of a
ventilation strategy for hot, humid climates. The strategy

- being examined consists of using pressurization ventilation

in conjunction with a heat-pump water heater in the cool-
ing season, and exhaust ventilation with the same heat
pump during the heating season. This strategy should pro-
vide cost-effective ventilation and moisture management,
as well as hot water, during the summer, while providing
the conventional benefits of exhaust ventilation with heat
recovery in the winter. Long-term data acquisition sys-



1500
Legend
From outside
from zone 2.
=
= 10004 from zone 4
£ From zone 5
2
© Door closed
id
2
o
[T
= 500
<
Fan off
-——Fan on
0 T T —T T T T T T
704 706 708 7 72 74 7ne ns 72

Julian Date [Starting 3/11/1988}

Figure 2. Air flows calculated from data in Figure 1 show-
ing influence of fan operation and door openings.

tems were installed in both houses this summer, and the
ventilation systems installed in both houses in the fall.
The systems will be monitored continuously for the next
year, including flip-flop tests between the systems and
conventional electric resistance heating.

International Energy Agency (IEA) Support

In response to the 1973-74 oil crisis, the OECD coun-
tries formed the International Energy Agency. As part of
the implementation agreement, technical annexes were
created to enable countries to work together on problems
of mutual interest. To date, twenty technical annexes have
been formed. As the U.S. representative to Annex V, the
Air Infiltration and Ventilation Centre, we provide
interested parties with information material, e.g., the quar-
terly published Air Infiltration Review, which is sent to
over 640 U.S. researchers and professionals. We also dis-
tribute the AIVC Technical Notes to interested parties.
During FY 88 the Air Infiltration and Ventilation Centre
responded to over 100 inquiries from the U.S. and
delivered over 600 copies of technical papers held in their
library of some 2,200 ventilation-related papers.

AIR LEAKAGE

The process of air flowing through unintentional aper-
tures is called air leakage. In buildings, air leakage occurs
through apertures in the building envelope, in mechanical
systems, and in between building zones. Air leakage
flowrates depend both on the air tightness of the building
component as well as on the pressures driving the flow.
For building envelopes, the technique used for measuring
and characterizing their air tightness, the fan pressuriza-
tion technique has evolved over the past ten years. The
air tightness of residential-building mechanical systems
(e.g., central furnace ducts) and the air tightness of inter-

2-20

nal partitions between zones (e.g., in multifamily build-
ings) have only recently begun to be examined.

Our air leakage research can be divided into three
areas: leakage characterization, measurement techniques,
and consensus standards. Our leakage characterization
effort involves collecting and analyzing measured leakage
data, as well as understanding the fluid dynamics of air
leakage. As part of our measurement technique research
we have developed alternative techniques for measuring
building envelope airtightness, including AC Pressuriza-
tion and Pulse Pressurization, and are presently develop-
ing techniques for measuring the air leakage in residential
duct systems and multi-zone buildings. Finally, we are
putting our experience to use by assisting the professional
societies in the formation of consensus standards.

Air leakage research efforts in FY 88 focused on
measurement technique development and analysis, specifi-
cally on the development of the Pulse Pressurization tech-
nique for measuring single-zone leakage, an analysis of
the effects of wind on fan pressurization measurements,
and on the development and analysis of multi-zone leak-
age measurement techniques.

The Pulse Pressurization technique determines the
leakage characteristics of the envelope of an enclosure
(e.g., building) from the decay of the building pressure
from an elevated value down to its steady-state value.'*
During FY88, the theoretical work needed to extract the
leakage characteristics of the envelope from the pressure
decay was performed, as was an experimental examination
of the technique in a small test structure.’>'® The robust-
ness of the technique was tested using the experimental
data obtained, this analysis indicating that although loss
mechanisms other than leakage can affect the decay of the
oscillating components of the pressure, the technique pro-
vides repeatable measurements of envelope air leakage.
These results imply that future implementations of the
pressure-impulse mechanism will be designed so as not to
excite the normal modes of the structure or its contents,
which is accomplished by simply increasing the rise-time
of the pressure impulse.

As fan pressurization involves the measurement of the
fan flows required to maintain measured indoor-outdoor
pressure differences, wind-induced pressure variations add
uncertainty to the measurement. During FY88 we per-
formed a theoretical analysis of the effects of wind on fan
pressurization measurements, as well as an analysis of
experimental data taken in at the University of Alberta to
explore the these effects. The results of these analyses
indicate that wind-induced measurement uncertainties can
be significantly attenuated using a four-wall pressure
averaging probe and time-block averaging of pressure and
flow data. The analyses also demonstrated a wind-
induced bias in leakage area measurements for both
single-pressure and four-wall-average pressure techniques.

As part of our work with professional committees and
organizations, we were involved with two standards-
writing organizations: the American Society for Testing
and Materials (ASTM) and the American Society of Heat-
ing Refrigeration and Air-conditioning Engineers




(ASHRAE). We participated in several activities in ASTM
during FY 88, including the modification of Standard Test
Method E-779, “Determining Air Leakage Rate by Fan
Pressurization” and related standards. We are also
involved with ASHRAE standard project 119P, which is
intended to promote energy conservation by setting max-
imum values for air leakage in detached single-family
residential buildings. After a five year effort this standard
was approved by ASHRAE.

Air leakage research efforts in FY 89 will focus on
further development of the Pulse Pressurization technique,
further testing of AC-pressurization and fan-pressurization
techniques for measuring inter-zonal leakage, and analysis
of existing data on residential duct leakage. The multi-
zone techniques will tested under controlled conditions in
a multi-zone building. The duct leakage analysis will be
based on data in our air-leakage database, data taken over
the past several years by our staff, and on data taken as
part of a field study performed by a monitoring contractor
in Oregon.

The other focus of air leakage research in FY 89 will
be in leakage characterization. The objective of this work
is to develop a workable physical model for air flow
through large apertures submitted to dynamic pressure
conditions. This more basic work has application both to
our two dynamic leakage measurement techniques, AC
pressurization and pulse pressurization, as well as to the
dynamic flows associated with natural ventilation.!?

WOOD BURNING

Approximately 14% of residential space heating in the
U.S. is supplied by wood burning, which when added to
industrial burning, adds up to more than 3% of our pri-
mary energy needs. More importantly, approximately one
third of the primary energy needs of developing countries
is provided by combustion of biomass. These factors,
along with the fact that wood and other biomass combus-
tion typically occurs at very low efficiencies with high
emissions of noxious gasses, particulates and greenhouse
gases, have been the impetus behind the wood-burning
research in our group. Our work has included the
development of techniques to measure the thermal effi-
ciency of wood burning in the laboratory and in the field,
as well as studies of emissions from wood burning.

Based upon a single-channel woodstove heat-output
monitor we developed several years ago, a study of wood
heat delivery to single family residences was conducted in
the Pacific Northwest. In FY 88, in collaboration with
Pacific Power and Light, we continued our comparison
between measured wood stove heat outputs and reported
wood use based upon occupant surveys and site visits.'®
The. principal finding of this study was that the apparent
field efficiencies of wood burning averaged between 20%
and 30%, far below the quoted laboratory efficiencies of
40% to 60% for the types of stoves monitored. Based
upon these findings, and on the apparent changes in effi-
ciency over the course of the two-year study, it seems
clear that the conventional technique for estimating wood
energy delivery is both imprecise and biased. This can be
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explained either by concluding that field efficiencies are
far below laboratory ratings and thus the laboratory pro-
cedure should be reexamined, or by concluding that occu-
pant reported wood use, even in conjunction with site
visits by trained technicians is both a biased and uncertain
estimator of actual wood consumption.

The other accomplishment in wood-burning research
in FY 88 was the completion of a study of the effects of
wood load and wood surface area on emissions from
wood burning.’® This study provided a simple theoretical
explanation for trends in emissions found in experiments
performed at the Royal Institute of Technology in Sweden.
Based upon the oxygen-controlled nature of enclosed
wood burning, it was shown that emissions of CO, CHX,
and soot scaled almost linearly with the amount of wood
surface area above some critical value (dependent upon
the rate of air supply). The results of this study have .
implications for wood-burning policy, stove design, and
appropriate test methods. In FY 89, we hope to expand
our capabilities to include the development of appropriate
test methods for the efficiency and emissions from
cookstoves in developing countries.
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ENERGY ANALYSIS PROGRAM*

INTRODUCTION

The Energy Analysis Program continues to be
involved in wide range of topics relating to the energy
system of the United States and numerous other countries.
Our interest in energy use and conservation in buildings
has remained high, with increasing attention being
devoted to studies of commercial buildings. The appliance
standards continues to be the leading energy policy
analysis activity of the Program. A long-term commitment
to characterizing and understanding measured data of
energy use in buildings continues. Interest in electric
utility issues, with particular emphasis on demand-side
activities and programs, continues high. New interest in
competition among electricity generation options for
utilities complements the demand-side analyses.

The involvement in international energy studies has
increased from previously high levels, with no waning in
the commitment to the detailed analysis of factors
affecting energy use by end-use. Building energy policy

studies in the countries of the Association of South East -

Asian Nations continue to combine the Program skills in
international studies, building energy analysis, and policy
studies. An increased involvement in China has been of
particular note during the past year.

The environmental initiatives of the previous year saw

some important results, as analyses of effects of climate -

change on vegetation in California and habitat change and
species extinction were completed. These ‘efforts indicate
success in the effort to 51gmf1cant1y broaden the interests
of the Program.

A new and potentially critical theme emerged and
took hold in the energy and environmental communities
during the past year: the potential for global warming.
The Program has become involved in a variety of

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building
Systems, Building Services, and Building Equipment Divisions, the Office of
the Assistant Secretary for Environment, Safety, and Health, the Office of
Policy, Planning and Analysis, of the U.S. Department of Energy; the U.S.
Department of Housing and Urban Development under an Interagency
Agreement (IAA-H-87-59); the Agency for International Development; the
National Science Foundation under Interagency Agreement No. BSR-
8717168; the NASA Earth Sciences Division (UPN-677-80-06-05); the En-
vironmental Protection Agency under Interagency Agreement No.
DW89933219-01-0; the Residential/Commercial Technology Analysis Divi-
sion of the Gas Research Institute under GRI Contract No. 5085-800-1318;
the Electric Power Research Institute; through the U.S. Department of Ener-
gy, under Contract No. DE-AC03-76SF00098.
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initiatives and analyses relating to this important topic.
Data on energy demand growth in developing countries
were analyzed in greater depth than previously in order to
support the efforts of the Environmental Protection
Agency (EPA) to understand measures to stabilize the
atmosphere. Data on electricity use in developing
countries were assembled to support longer-term efforts by
the U.S. Department of Energy to assess the impact of
electricity use in developing countries on global climate
change. Studies of effects of increased temperature levels
on selected vegetation types were initiated for the EPA.

“Numerous additional projects were designed to deal with

key issues relating to global climate change, including a
number of efforts with the Peoples Republic of China.
Some or many of these are likely to be carried out over
the next several years.

The year saw few major new problems in the energy
economies of nations, with energy prices remaining
relatively low and supplies in ample quantities. As a
result, energy continued to play a small role in the
national political scene. Nonetheless, the energy policy
community continued to take note of the fact that low oil
prices will not last forever, and possibly not even for
another decade. There has been growing concern about
an energy efficiency “plateau,” resulting from low energy
prices and reduced incentives to continue to improve the
energy performance of economies. The advent of much
more broad-based concerns about global warming has
raised the recognition of the importance of long-term
energy issues, even while the current situation appears
manageable. It is in this broader context that new areas
for energy analysis are likely to develop in the Program
over the coming years.
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Utility Accounting in Public Housing

R. L. Ritschard and K. M. Greely

Public housing currently provides shelter and energy
for over 3.4 million low-income tenants. Annual energy
costs to the federal government for the public housing sec-
tor now exceed $1 billion. Preliminary studies indicate
savings as high as 50% could be realized by improving
the energy efficiency of the public housing building stock.
These savings have not been realized, partly because local
public housing agencies lack relevant energy-related infor-
mation.

We have developed a utility accounting microcom-
puter program (based on Lotus 1-2-3® spreadsheets) that
allows local housing agencies to track use electricity, gas,
oil, other fuels, water, and sewer easily and accurately
within individual housing projects. After a user enters
monthly utility usage and costs into the program, it will
adjust utility usage and costs to calendar months and con-
vert consumption to common units (e.g., therms or cubic
feet of gas and kWh of electricity to Btus of energy);
weather-correct energy usage to that which would have
occurred in a year having typical weather; compare each
year’s consumption and costs to previous years; and com-
pare the consumption per unit-month to that in typical
public housing apartments or privately-owned apartments
having similar climate and building characteristics. The
software helps produce executive summaries and other
tables and graphs (see Figure) for tracking utility usage
and costs across different years. The program also com-
bines for analysis utility data for all projects within a pub-
lic housing agency, calculates the allowable utility expense
levels, and prepares two important annual reporting forms
required by the U.S. Department of Housing and Urban
Development (HUD). The output of tHe program can be
used to verify proper rate payment, identify excessive

Berkeley

(Thousonds)

UTILITY COSTS ($/avallable unit-year)

/ /

° f 1 f f f f ~f
82 83 84 a5 86 87 88

Yo @2 os SN o  ERom @ wm
Figure. Sample energy computation produced by utility
accounting program: annual utility costs per available unit.
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energy use at given projects or buildings, and determine
whether savings from previous energy retrofits have per-
sisted over time. The software can also be used by local
public housing agencies and by HUD to explore opportun-
ities for reducing utility bills and to locate buildings and
equipment requiring maintenance. We expect the program
and documentation to be available by the end of 1988.
These will be widely disseminated to local public housing
agencies through the HUD User Network, which reaches
more than 2600 U.S. housing agencies.

Energy ‘Management Practices in
Public Housing

E. Vine

~ To balance their budgets, U.S. public housing authori-
ties (PHAs) must spend less energy. We have evaluated
successful energy management practices conducted by U.S.
public housing authorities. The study was undertaken to
help other housing authorities learn how to manage their
energy use. Housing authorities were selected primarily
through interviews with U.S. Department of Housing and
Urban Development (HUD) headquarters and regional
offices; PHAs actively trying to manage their energy use
were potential candidates for a mail survey.

An energy management survey was sent to 49 PHAs,
yielding an 84% response rate. Topics addressed included
energy actions, energy information, key energy actors,
energy audits, program participation, financing and infor-
mation sources, site description, energy management,
maintenance, tenant involvement, type of metering, appli-
ance purchasing criteria, energy use in 1980 and 1987,
energy conservation measures installed, problems in
managing energy, and problems in installing energy con-
servation measures.

We present below selected preliminary results from
this study:-all PHAs reported that they had saved energy
since 1980; all PHAs had conducted energy audits; most
PHAs (80%) had prepared an energy management
accounting report; about 50% of the PHAs used in-house
computers for tracking energy and cost data; about 40% of
the PHAs had prepared a written energy plan for control-
ling energy costs, and 80% of these were currently using
the plan; almost all PHAs had-a preventative maintenance
program; estimated average energy savings from retrofits
was reported to be 21%; and the most effective energy
conservation measures were insulation, window replace-
ment, boiler replacement, and lighting conversions.

In FY 1989, we will continue analyzing these data,
using multivariate statistical analysis to group these factors
that determine successful energy management. We will
also test several hypotheses concerning organizational
change as it affects energy management.




Energy Requirements for Multifamily
Buildings

R. L. Ritschard and Y. |. Huang

Over the past few years, multifamily buildings have
been the most rapidly growing residential sector. As a
result, multifamily housing has become an important sec-
tor of the energy economy. '

LBL has contracted with the Gas Research Institute
(GRI) to use the DOE-2.1C computer program to develop
a comprehensive data base of hourly heating and cooling
loads for prototypical multifamily buildings. This data
base, covering 16 building types in 15 U.S. cities, reflects
regional variations in climate, building construction and
insulation practices, and represents the general population
of multifamily buildings. Our major research goal is to
provide GRI and its contractors with a reference set of
building loads for use in planning and analyzing R&D
programs in gas technology. The results also provide a
general reference set of multifamily energy requirements
for use by energy analysts. The full data base, which
includes hourly heating and cooling loads (sensible and
latent), domestic hot water loads, and electric consumption
for each apartment unit and for the total building, will be
available as part of this project.!

The Figure shows several important features represen-
tative of multifamily buildings. First, smaller buildings
with 2-4 units usually have higher energy requirements
per square foot than do multistoried buildings of five or
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more units. Second, energy use in older buildings is gen-
erally greater than that of newer ones. Third, in a south-
ern climate like Atlanta, energy use for cooling may be
equal to or greater than that for space heating. Finally,
heating loads were more affected by improvements in
thermal integrity (representative of newer buildings) than
were cooling loads.

Due to the size of this data base, an interactive micro-
computer program is being developed that will allow users
to derive monthly loads, hourly profiles, or loads binned
in different formats (e.g., by temperature and humidity
ratio or by temperature and hour of day). In the next
year, we will begin to use some of these data to assess dif-
ferent multifamily technologies. (See next article for a
preliminary comparison of central vs. individual heating,
ventilation, and air-conditioning (HVAC) and domestic hot
water (DHW) systems in multifamily buildings.)
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A Comparison of Central vs.
Individual HVAC and DHW Systems
in Multifamily Buildings

S.J. Byrne

Separate energy billing for apartments motivates
energy-conscious occupants to control their energy use;
such billing is facilitated by individual all-electric heating,
ventilating, and air-conditioning (HVAC) systems and
domestic hot water (DHW) systems. On the other hand,
large, central systems are more efficient, require less
maintenance, last longer, and allow more flexibility in
choice of energy type. This project provides information
on tradeoffs between individual and central HVAC and
DHW systems in terms of energy performance and life-
cycle costs in two climates, for different types of new mul-
tifamily buildings, and under varying operating conditions.

Using the DOE-2.1C computer program to model
energy consumption in two typical apartment buildings—

~one in Chicago, the other in Atlanta—we analyzed two
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HVAC/DHW configurations per building; a central system
consisting of a central chiller and gas-fired boiler which
supply four-pipe fan coils (FPFC) and a gas-fired DHW
system; and an individual system consisting of packaged
terminal air-conditioners (PTAC) and electric water heaters
in each apartment. To approximate energy-conserving
operation, the individual PTAC system was modeled with
and without a setback thermostat. We used .each city’s
average prices for energy and equipment.



For both «cities in our analysis, projected annual

energy costs were lowest for the central HVAC/DHW.sys=-.

tem. This was especially true for Chicago because of its
higher heatmg demand and higher price differential”

between electricity and natural gas. A life-cycle cost com-
parison of system types showed that in Chicago, mul-
tifamily buildings with more than seven apartments (in
Atlanta, more than thirteen) should be designed with cen-
tral HVAC and DHW systems.

Shown below is an example plot of life- cycle cost vs.

number of apartments. The intersecting lines at A" illus-

trate the point at which the system type- should be
changed to achieve the lower life-cycle cost of the two
alternatives. The line segment shown between points “A”
and “B” represents a building with a central chiller sized
at the minimum capacity that is commercially available.
The life-cycle cost between “A” and “B” is not as low as
it would be if it were possible to extend the FPFC line to
the left of “B” (by using a smaller chiller), represented by
the dashed line. However, the oversized chiller alternative
still results in a lower life-cycle cost—within the range
A" to “B”"—than the PTAC system.

We plan to continue this work by analyzing the effec-
tiveness of other system configurations, operating stra-
tegies, and newly developed metering devices. We will
also evaluate other building designs and other cities.
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Figure. Life-cycle cost, in Chicago, of central FPFC and
individual PTAC with night setback. (XCG-8810-6793)
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Analysis of Energy Performance of
Unbalanced Single-Pipe Steam
Heating Systems in Multifamily
Buildings

Y. J. Huang and R. L. Ritschard

For the past two years, LBL has contracted with the
Gas Research Institute to analyze the space conditioning
loads of prototype multifamily buildings in different U.S.
locations (see previous two articles). Roughly 9 million or
40% of all multifamily units are heated by centralized
steam or hot water systems, of which nearly half were.
built before 1940. The great majority of these older units
are located in Northeast and Midwest cities, and heated by
single-pipe steam systems.

Because this antiquated heating system is prevalent
among multifamily buildings, we developed. and imple-
mented a simplified simulation model for a single-pipe
steam heating system as a modification of the DOE-2.1C
program. This model was then used to analyze the energy
consumption of older multifamily apartment buildings.

In this simplified model, three new variables were
defined: fill-fraction, mass-heat, and anticipator-fraction. A
single thermostat located somewhere in the building con-
trols the steam boiler. The amount of heat delivered to
each apartment zone varies according to interactions
between boiler capacity, radiator size, and the new vari-
ables.

Fill-fraction (see Figure) defines the delay between the .
time the boiler turns on and when the apartment begins
receiving heat. This delay is due to the time needed by the
boiler to generate enough steam to displace the cold air in
the piping and to heat absorption by the piping mass.
Anticipator-fraction defines the reduction in maximum heat
available to a zone as allowed by the anticipator. By shut-
ting off the boiler, an anticipator reduces the heat output -
from the radiators even though the thermostat may still be
asking for heat. Mass-heat defines the residual heat stored
or released to the zone hourly by the radiator and piping
mass depending on changes in the boiler operating time.
The graft shows effects of differing fill-fractions on heat
supplied to different apartments.

Simulations were done using this model to analyze
energy consumption and indoor temperatures of prototypi-
cal pre-1940 buildings heated by single-pipe steam sys-
tems under various operational strategies. Sensitivity stu-
dies showed that mass-heat would cause typical steam
systems without anticipators to overheat from 3° to 6°F
and would use 15% to 30% more energy than standard
forced-air systems. The effects of three different fill-
fractions (none, fast, and slow), anticipator-fractions (0, 10,
or 20 minutes), and two thermostat locations were also
analyzed. Because of differences in their fill-fractions, top-
and ground-floor apartments generally have unbalanced



Radlator
rating

(max heat !

output) Anticlpator reductlion

A. Fill-traction< 0
0.8 (faster than control zone)

B. Fill-traction =0
(same as control zone)

0.8

Resldual heat
~—stored
(Mags heat"APLR)

\‘ Radiator’
heat output

for hour

VA

0.4+

Zone Radiator Heat Output (QHBZ)

C. Fllt-tractlon > 0
{slower than control zone)

0{4 ofe
System Part-Load-Ratlo (PLR)

T
0 0.2

Figure. If a zone’s fill-fraction is the same as that for the
control zone, the zone receives the same amount of heat
(line B in the Figure). If its fill-fraction is greater, the zone
will receive heat sooner than the control zone, but the dif-
ferential disappears as the system part-load-ratio or boiler
on-time reaches full load conditions (line A). Conversely,
if its fill-fraction is less, the zone receives heat later than
the control zone, but the differential again disappears at
full-load conditions (line C). The dashed line indicates net
heat output into a zone with a slower fill time than the
control zone during an hour when APLR is positive and

PLR is less than the anticipator-fraction limit.  (XBL-
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heating and substantially different temperatures. If the

thermostat is on the ground floor, the building load is
greatly reduced, whereas the top units are underheated.
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Estimating Nationwide Conservation

" Potential From Measured Data
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-K. Greely, A. Meier, C. Goldman, and |. Harris

Most ‘estimates of regional or nationwide conservation
potential have been based on simulated savings derived

from engineering models. In contrast, we have developed

an approach for estimating conservation potential from
measured energy use and have applied this new metho-
dology to two sectors of the U.S. housing stock.! Such
refined estimates of conservation potential are necessary to
accurately assess the extent to which energy conservation
has occurred and the amount of savings remaining to be
tapped.

Because measured savings have been shown to occur,
their use adds certainty to estimates of conservation poten-
tial. However, the savings are specific to particular types
of retrofits in certain subsectors of the stock. The chal-
lenge is to correctly adjust measured savings to compen-
sate for differences between measured projects and the
regionwide stock.

The Building Energy Use Compilation and Analysis
(BECA) project documents the measured energy perfor-
mance of new buildings and equipment and the measured
energy savings from retrofits. To demonstrate our metho-
dology, we chose two well-documented BECA compila-
tions representing retrofitted multifamily buildings and
new, electrically heated, single-family homes.

We first examined the conservation potential of new,
electrically heated, single-family homes. We derived sav-
ings from construction of efficient new homes by compar-
ing consumption of energy-efficient, electrically heated
homes with that of similar “current practice’” houses.
These savings were combined with estimated construction
rates for the next decade to yield a potential energy sav-
ings of 0.22 quads per year by 1997 (1 quad = 10 Btu),
about 45% of the projected space heating consumption by
the new homes. Adjustments were then made to account
for differences between new homes in the BECA compila-
tion and the projected stock of new construction, i.e., heat-
ing system type, floor area, climate, and energy consump-
tion (see Figure). These adjustments increase the potential
energy savings to 0.32 quads per year.

To estimate the conservation potential of existing mul-
tifamily buildings in the U.S., we first classified the BECA
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Figure. BECA extrapolation of stockwide savings for new,
electrically heated houses. Each bar represents the change
in the savings estimate caused by each additional adjust-
ment. “REM" refers to the baseline energy use estimates
for new, all-electric homes, from LBL’s Residential Energy
Model. Adjustments for shell characteristics and inside
temperature can be performed as better data become avail-
able. (XBL-8811-3855)

multifamily buildings into those with “typical” and “inten-
sive” retrofit packages, segmented by key building and
. heating system types. Savings for each segment were
then extrapolated to the entire multifamily stock, using
statistically representative information on consumption
and building characteristics of the stock. After adjusting
for differences in climate and pre-retrofit usage between
BECA buildings and the U.S. multifamily stock, we found
that if typical retrofits were installed in all U.S. multifam-
ily buildings, it would save about 0.2 quads per year,
while intensive retrofits could save about 0.5 quads per
year. These results suggest. that current energy consump-
tion in the multifamily sector could be reduced by 9-22%.
~ We conclude that our method more accurately esti-
mates the conservation potential of a sector than do tradi-
tional engineering methods because it is based on meas-
ured savings from existing buildings. We plan to improve
our methodology through additional adjustments and
apply our approach to other sectors of the U.S. building
stock.
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Least-Cost Utility Planning

F. Krause, ]. P. Harris, M. D. Levine, and A H. Rosenfeld

In recent years, a growing number of utilites and
state regulatory agencies have adopted a new approach to
“integrated”” resource planning, aimed at providing custo-
mers with least-cost energy services through the balanced
development of both supply-side and demand-side
resources. ‘Technology advances and regulatory reforms
have opened up new supply-side options, including reno-
vation of older plants, cogeneration, and power purchases
from independent producers. On the customer side of the
meter, there are equally exciting new approaches. Utili-
ties, often at the urging of regulatory agencies, are testing
new ways to meet customer needs for comfort, heat, light,
and power with more efficient end-use technologies. Util-
ity and customer costs can also be reduced by shifting -
some loads off peak. “Least-cost” utility planning (LCUP)
also poses new analytic challenges: to reliably quantify
demand-side resources in ways that can be compared with
conventional supply-side resources; and to develop
integrated utility resource plans that balance economic
objectives along with environmental and other policy
goals.

In response to a Congressional mandate, the U.S.
Department of Energy supports a broad R&D program on
least-cost utility planning. LBL’s role is to help develop
and apply new data and analytical tools to assist utilities
and state regulatory commissions in pursuing a balanced,
least-cost energy strategy. Most of this effort addresses
demand-side opportunities for end-use efficiency and
load-shaping, e.g.,

. assess demand-side technologies (performance, cost,
reliability, etc.)
. review and evaluate demand-side program experi-

ence, including effects of these programs on market
penetration of new technologies

. develop and refine analytic tools and models for
demand-side analysis and integrated resource plan-
ning

« ~ apply new data_and analysis techniques to utility-
specific studies (see Figure)

. other technology-transfer efforts to encourage use of
state-of-the-art planning methods.

Future work will continue evaluation of demand-side
programs and technology assessments, collaborative stu-
dies with states and utilities, and a special focus on inno-
vative strategies such as utility “resource auctions” for
demand-side and supply-side resources.
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Rated vs. Measured Energy Use of
Refrigerators

A. K. Meier and K. E. Heinemeier

The energy use of refrigerators is important to both
consumers and utilities because they are the largest end
use of electricity in most American homes and, together,
consume the equivalent electrical output of 25 large power
plants. The U.S. Department of Energy (DOE) developed
an energy rating procedure for refrigerators. The rated
energy consumption was determined through a laboratory
test which is the basis for the Energy Guide labels. These
labels assist the consumer in selecting the refrigerator with
the lowest life-cycle costs, while planning agencies use the
energy ratings to forecast electricity demand.

The laboratory test of refrigerator energy use does not
attempt to duplicate the actual conditions of a typical refri-
gerator because they are difficult to determine. Instead,
the laboratory test involves measuring the energy use of a
refrigerator in a 32°C room, with the door closed, and
with no food loads inserted or removed. In spite of these
unrealistic assumptions, the energy consumption from the
laboratory test has never been carefully compared to field
use. In this project, we compared the rated energy use of
refrigerators to measured field use.!

We collected measured refrigerator use from
numerous utility studies and other monitoring programs.
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(XCG 881-6508)

The correlation between rated and measured energy use
for the 192 units was, on average, excellent (see Figure).
However, there was considerable variation among indivi-
dual refrigerators. This variation was probably due to dif-
ferent operating conditions (especially ambient tempera-
ture) and the presence of icemakers, plus random variation
in the mechanical performance of individual units.

Monthly energy data were also available for most of
the refrigerators. We compared the energy use in the peak
and valley months. There was considerable fluctuation in
monthly energy use; the maximum and minimum months
often differed by more than 30%. These data suggest
refrigerators are a greater contributor to the summer electr-
ical peak than previously thought. The results are surpris-
ing because most forecasts assume that refrigerators have
a nearly constant electrical demand. While the label was
quite good at predicting annual energy use, it under-
predicted the refrigerator’s contribution to the summer
peak. o

However, for newer (and more efficient) models, the
test is less accurate; the rating overpredicted energy use by
more than 20% in our sample. This suggests that this
type of verification may become even more important in
the future.

REFERENCE

1. Meier A, Heinemeier KE. Energy use of residential
refrigerators: a comparison of laboratory and field
use. ASHRAE Trans, 1988; OT-88-14-3.



3000
= ] €
> K 7
.; d ° S /
~ 4 ‘ll ® /
c ) o« 0
2 2000 s 8 / %
- 4 ’, e 84 .
Q 4 s ® L7
E ] )
b | h! I (Y R
[/ b LA P
c 1 o .
o : Je L’
© J 7. o’
> 1000 8o,
o ] ; (K,ﬂ .
N A2 &
S 1 g / . .
, .
b 1 -2
T 1.7
o} .
0 1000 2000 3000

Label Energy Consumption (kWh/yr)
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the field consumption was very close to the rating,
although individual models show some scatter around the
line of agreement. The “columns” of points represent
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Experience with Energy Efficiency
Programs for New Buildings

E. Vine and ]. Harris

This report evaluates the experience with implement-
ing programs promoting energy efficiency in new residen-
tial and commercial construction. This report is one of a
series of program experience reports that seek to syn-
thesize current information from both published and
unpublished sources to help utilities, state regulatory com-
missions, and others to identify, design, and manage
demand-side programs.

We focused our investigation on nonregulatory pro-
grams that are designed to complement—or in some cases
substitute for—mandatory energy efficiency requirements
in local and state building codes. We evaluated the fol-
lowing types of nonmandatory programs: technology
demonstrations and demonstration programs, financial
incentive programs (including rebates, conservation rates,
reduced hookup fees, reduced rates on loans and loan
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qualifications, guaranteed savings, and tax credits), consu-
mer information and marketing programs (including
energy rating systems and energy awards), technical infor-
mation programs (including professional guidelines, design
tools, design assistance, and standards-related training,
compliance, and quality control), and site and community
planning.

In addition to presenting findings for each program
category, we summarize general program conclusions,
applicable to most of the energy conservation programs
reviewed in this report: (1) many different types of non-
mandatory programs appeared to be successful in over-
coming barriers to promoting energy efficiency in new
buildings; (2) no program strategy was clearly dominant;
(3) few program evaluation studies exist, resulting in a
paucity of quantitative data on program effectiveness,
especially beyond the pilot or demonstration stages; (4)
only a few programs were designed as part of a long-term
strategy to promote energy-efficient construction; (5) suc-
cessful programs were often characterized by intervention
early in the design and planning process in order to
minimize delays in the project design, approval, financing,
and construction process; (6) education, training, and
design assistance activities were especially important; (7)
most programs focused on the early design stages of a
program without addressing issues normally arising later
in the program (e.g., details of construction, quality con-
trol, building commissioning, and operations and mainte-
nance); (8) utility rate designs were typically not used as
conscious reinforcement for promoting energy-efficient
construction; (9) many programs were considered success-
ful for both energy and nonenergy reasons (e.g., improved
thermal comfort, creation of new markets, and improved
customer relations); (10) nonmandatory programs can rein-
force and pave the way for codes; and (11) most of these
programs can be easily implemented in other areas around
the country and in other countries.

For the design and implementation of energy conser-
vation programs for new buildings, the evidence suggests
that a comprehensive and long-term perspective is needed
to design and choose programs. Long-term goals and
objectives of programs need to be made explicit in order
to provide program guidance. A well-integrated package
of programs should contain the following program stra-
tegies: design assistance, financial incentives, quality con-
trol, training and education of design professionals and the
building community, simple and easy-to-use design tools, -
rating and labeling of buildings, effective marketing and
promotion, energy awards for buildings and for design
and building professionals, building commissioning, opera-
tions and maintenance activities, process and impact
evaluation, monitoring, and feedback activities.

Implementation of energy efficiency programs is not
an easy task, and there have been many failures at various
stages in the implementation process. The challenge is to
design and implement a program that meets the needs of
the target audiences as well as promote energy-efficient
construction.



Analysis of Commercial Electric End-
Use Data

H. Akbari, 1. Turiel, ]. Eto, and L. Rainer

Direct metering is the most expensive method for
gathering reliable load shape data on electrical end uses.
The goal of this project, which was jointly sponsored by
the Southern California Edison Company (SCE) and the
California Energy Commission, is to investigate a less
expensive alternative to metering using 15-minute interval
whole-building electric loads. Successful development of
such an alternative could reduce the cost of obtaining high
quality load shape data by several orders of magnitude.
Given the stakes involved in electric utility resource plan-
ning, the returns promise to be large.

Our approach is to conduct detailed analyses of SCE
data on commercial building characteristics, energy use,
and whole-building load shapes, and in conjunction with
other data, to develop, test, and apply an integrated
method to estimate end-use load shapes (LSs) and energy
utilization indices (EUIs). The primary data for the project
are on-site surveys, load research data (LRD), and avail-
able sub-metered energy use data. Secondary data include
other EUI and LS studies, commercial sector mail survey
data, and typical and historic southern California weather
" data.

The project consists of two major parts: the first con-
cerns the development of prototypical buildings and the
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performance of energy use simulations that lead to prelim-
inary estimates of LSs and EUls. This part relies primarily
on survey data, which are complemented by results from
previous EUI and LS studies. The second part entails
selective modification of the initial estimates using whole
building load research and historical weather data. The
methodology is illustrated schematically in the Figure.

Development of a Simplified Tool to
Calculate Commercial Sector EUIs

I. Turiel and B. Lebot

This project, supported by the Electric Power Research
Institute (EPRI), developed a simplified tool to calculate
commercial sector energy utilization indices (EUls). In
EPRI's Commercial Sector End-Use Planning System
(COMMEND) model, .EUI values are one of the three key
market facts. Together with floor stock and market share
data, EUI values allow the construction of market profiles
that depict energy use patterns at the end-use level.
These profiles are important for analysis of the current
energy market and they provide a starting point for end-
use forecasting. The computer software developed in this
project allows utilities to calculate EUls specific to their

Figure. Integrated LS and EUI Estimation Methodology:
The methodology has four. major steps: 1) development of
initial prototypical LSs and EUls, using the on-site survey
and mail data. Two utility programs, Non-HVAC EUI/LS
and DOE-2 Input Generator (NELDIG) (estimates LSs and
annual EUIs for non-HVAC end uses and prepares proto-
typical building input data for DOE-2 simulations) and ini-
tial profile generator, InitProfile (combines DOE-2 and
NELDIG outputs to prepare initial estimates of hourly
end-use loads), are used for this purpose; 2) construction
of average hourly loads for prototype buildings using the
monthly billing data and load research data. Three pro-
grams are developed for this second process: BillAvg
(computes the average utility bills by building type from
the on-site survey billing data), LoadAvg (computes the
average hourly whole-building loads by building type
from LRD), and LoadAdj (computes the average hourly
whole-building load as normalized by average utility bills);
3) reconciliation of the initial end-use data from the first
step with the average hourly loads from the second step
using the End-use Disaggregation Algorithm (EDA); and
4) summarizing the reconciled hourly end-use data in the
form of representative monthly load shapes, using a pro-
gram called LoadShaper. (XBL-8811-3881)



service area without undertaking extensive studies such as
a conditional demand analysis or end-use metering.

Two approaches were used to develop the EUI specif-
ications for each end-use and business type combination
studied. First, previously published EUI studies for the
commercial sector were analyzed. An averaging procedure
of selected studies yielded the non-weather-sensitive EUls.
Second, the 1979 Nonresidential Building Energy Con-
sumption Survey data set was used to estimate weather-
sensitive EUls. A conditional demand analysis performed
with this data set obtained heating and cooling EUls as a
function of building characteristics, operating conditions,
and climate parameters.

The end products of this project are a spreadsheet
program, a users guide, and an EPRI report.! The
spreadsheet program, developed with the Lotus 123®
software, calculates a matrix of EUIs for eight electrical
end-uses for eleven building types. The Figure shows the
flow diagram describing how the spreadsheet works. Any
utility using this tool can either provide input data specific
to the commercial buildings in their service territory or, in
the absence of such information, use the default data pro-
vided in the software for their census region. The pro-
gram also allows the user to plot bar graphs of EUls by
building types. The report provides comparisons between
the EUI predictions of the program with those EUls
estimated in several electric utilities” conditional demand
studies.

The spreadsheet will be used nationwide by utilities
already using the COMMEND model. Several improve-
ments have been proposed to the existing program, such
as adding sensitivities of the EUIs to new parameters and
adding algorithms to calculate EUIs for natural gas use.

REFERENCE
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Comparative Assessment of the DSM
Plans of Four New York Utilities

C. Goldman and E. Kahn

In April 1988, New York’s seven investor-owned utili-
ties filed their first long-term Demand Side Management
(DSM) Plans in response to a Public Service Commission
(PSC) order. The PSC invited LBL researchers in DOE’s
Least Cost Utility Planning project to assist Commission
staff in reviewing the utility’s long-term demand-side
resource plans. The principal research objective was to
identify the most important least cost utility issues facing
public utility commissions based on actual experience
gained from working with commission staff.

Comparing the DSM plans of four utilities—
Consolidated Edison, Niagara Mohawk, New York State
Electric and Gas, and Rochester Gas and Electric—we
assessed the potential impact of DSM programs among
utilities by the year 2000 (Table). The initial DSM plans
of all four utilities are modest in terms of the contribution
of DSM options to reducing total system peak load in the
year 2000 (3-7%). Expected savings from DSM programs
range between 0-50% of the peak load growth projected
for that period. However, we believe that the key indica-
tor is “utility commitment,” which reflects the utilities’
stated willingness or actual commitment of dollars to
implement new large-scale DSM programs in the near-
term. Several utilities believe that the uncertainties associ-
ated with DSM programs are too high to justify major
investments. _

All four utilities identify commercial lighting as an
end-use with cost-effective DSM options. Of the four util-
ities, only Con Edison identifies other DSM options appli-
cable to commercial buildings (e.g., motors, thermal cool
storage, efficient air conditioning replacement, curtailable
electric service). In the residential sector, the summer
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Table. Potential impact of demand-side management programs

Projected DSM Impact Indicators
1987 Load Growth Peak Load % of % of
Peak Load to 2000 Reduction Peak Load Peak Utility

(MW) without DSM due to DSM (MW) Growth Load Commitment?
Con Ed 9400 2092 742 36% 6.9% A
RG&E 1205 255 0-105 0-41% 0-7.5% P
NYSEG 2477 769 116 15% 3.6% A
NiMo 5800 500 0-250 0-50% 0-4.0% P

Con Ed and RG&E are summer peaking; NYSEG and NiMo are winter peaking utilities.

2 P = planned; A = action on some programs

peaking utilities (Con Ed and RG&E) found that replacing
existing room air conditioners with high-efficiency equip-
ment and peak clipping measures (e.g., direct control of
room air conditioners and pool motors) were cost-effective
DSM options.  Winter-peaking utilities (NYSEG and
NiMo) favored load-shifting DSM options (e.g., direct con-
trol of water heating and residential thermal storage).

We also identified the most important data and
analysis needs for regulators trying to evaluate DSM
plans: improved stock characterization, explicit treatment
of Qualifying Facilities (QFs) in resource mix, comprehen-
sive assessment of the achievable potential for DSM
options for all end uses and sectors, research on customer
response and .other information relevant to DSM options
(load shape impacts, incentives required to achieve certain
penetration rates), and projections of avoided costs. More
reliable data are available on DSM options for the residen-
tial sector than for the commercial and industrial sectors.

Our analysis also suggests that the PSC and utilities
must resolve several thorny analytical and methodological
problems that hinder DSM program implementation. For
example, the utilities used varying economic tests for ini-
tial screening and final selection of DSM options. The
PSC may need to develop a more explicit treatment of the
role of various economic tests in DSM program evaluation.
In addition, the utilities were particularly concerned that
DSM programs would lead to substantial near-term reve-
nue losses. Thus, the timing of DSM programs is a partic-
ularly critical issue: programs and incentives should be
selected that meet the twin goals of minimizing short-run
negative rate impacts while preparing for long-run expan-
sion of DSM programs. Finally, because New York utili-
ties are members of a centrally-dispatched power pool,
DSM options should be evaluated from the perspective of
optimizing benefits for the New York Power Pool.
" Several utilities are assessing the costs and benefits of
DSM options from their individual perspectives only; for
winter-peaking utilities, this approach understates the

benefits of DSM measures that could reduce the Power
Pool’s summer peak load.
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Energy Use and Efficiency of
Electronic Office Equipment

J. P. Harris

Electronic office equipment, including personal com-
puters (PCs), minicomputers, printers, copiers, . fax
machines, etc., represents a fast-growing but poorly under-
stood component of the “other” end-use in commercial
buildings. This study attempts to establish office electron-
ics as a distinct end-use, by characterizing electricity
usage, trends, and efficiency opportunities. We can think
of this equipment as the office equivalent to industrial
process equipment; in office buildings the main “process”
is the production, use, storage, and transmission of infor-
mation. Except for space conditioning and lighting, infor-
mation processing is the major user of energy in office
buildings (up to 20% of total daytime electricity use).

szpical daytime loads from office equipment (10-20
W/m®) are about equal to lighting loads in a well-
designed new office. We measured actual power use for
selected office equipment, and found that it was only 20-
40% of nameplate ratings. Thus, estimates of energy use



or cooling loads based on nameplate ratings are over-
stated. Power use varies widely for office equipment with
similar functions. In particular, desktop PCs use about ten
times the power of equivalent laptop models. It is often
the input/output (I/O) devices (terminals, printers,
scanners, fax), rather than computers themselves, that are
the major power users. Future load growth depends on
many market and technical factors. U.S. office equipment
electricity use in 1995 could range from 130 TWh
(“market saturation,” current technology, expanded use of
computerized printing), to about 25 TWh if today’s most
efficient hardware and operating systems become the
norm (see Figure).

There is significant potential for improved energy effi-
ciency in both hardware and software. Several policy
options could accelerate market and technical trends (e.g.,
miniaturization, portability). Examples include energy effi-
ciency labeling of hardware and software, and creative use
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Figure. Alternative load growth scenarios for office elec-
tronic equipment in the U.S. The 1988 estimate is based
on 25 million “screens” serving 60 million white-collar
workers, averaging 200 W /user (equivalent to a PC
workstation or shared mini- or mainframe, plus screen and
peripherals) and -5000 hours/year operation. The 1995(a)
scenario assumes today’s hardware efficiencies and usage,
with full “market saturation” (65 million screens). The
1995(b) scenario shows the impact of new information ser-
vices, e.g., increased I/O using computer-generated or
-scanned hard-copy. Power requirements for I/O increase
from 50 to 200 W/user, nearly doubling total energy use.
The 1995(c) scenario (“‘technology potential”’) assumes
universal adoption of today’s most efficient hardware and
operating systems. This reduces power from 150 to 15
W/user for computers, and from 200 to 100 W/user for
I/O. Better control of idle-time would reduce average
operating time to 3000 hours/year, bringing total U.S.
electricity use for .office electronics back to today’s 25
TWh. (XBL-8810-3602)

of government purchasing power. In the longer term,
better-integrated information management systems may

finally introduce the “paperless office,”” with major
~ impacts on both energy use and office productivity.
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EMCS for Utility /Customer Interface

H. Akbari, M. Goralka, and K. Heinemeier

Energy Management and Control Systems (EMCS) are
being installed at an accelerating rate in new and retrofit-
ted commercial buildings. We have explored the capabili-
ties of EMCS for use as an interface between electric utili-
ties and their customers for both real-time pricing and
end-use data monitoring of commercial buildings. Our
research, sponsored by the Pacific Gas and Electric Com-
pany, indicates that currently-sold EMCSs are intelligent
enough to perform these applications, but lack the neces-
sary software communication features and installed meter-
ing capacity for any large-scale effort with real-time pric-
ing or data monitoring.

We have demonstrated the feasibility of the above
goals by 1) performing a detailed review of previous LBL
studies that demonstrate the concept of remotely collecting
data from EMCSs, and 2) conducting a real-time pricing
simulation.! From these demonstration projects, we
developed specifications recommending the necessary
EMCS system hardware and software features which could
be incorporated into current EMCS.

Typical EMCSs sold today are fundamentally different
from machines sold just four to five years ago. A typical
large EMCS (see Figure) has three components: a local
control module (LCM) which is directly wired to the sen-
sors and relays, a field processing unit (FPU) which makes
control decisions, and a personal computer interface. An
important feature of the typical system is its modularity.
The most powerful EMCS installations have all three com-
ponents, but often only a FPU or a LCM is necessary for

. more limited applications such as controlling a single air
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conditioning unit. Thus, each of these components is
capable of stand-alone operation without the other, higher
level, components.

The utility’s main interest in commercial monitoring is
to obtain end-use data for forecasting commercial energy
consumption and estimating how this consumption can be
predictively modified to decrease the utility’s net cost of
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Figure. Architecture of a typical large EMCS. A typical
large EMCS has three components: a local control module
(LCM), a field processing unit (FPU), and a personal com-
puter interface.  (XBL-8810-8581)

services or enhance revenues. Performing this analysis
requires end-use intensities and load-shape data for use in
utility planning. Utilities use these data in their long- and
short-term energy and peak demand forecasts, conserva-
tion and load management assessments, marketing assess-
ments of the best end-uses to sell, capacity planning for
transmission and distribution, cost-of-service/rate design
for profitable end-uses, and modeling the effects of fuel
substitution.

EMCSs could easily provide the information required
for these analyses. Some modifications of the current sys-
tems would be required, however. If these modifications
can be accomplished, a wealth of information would be
available to a utility. A significant fraction of all commer-
cial buildings already have EMCSs installed to control
their HVAC equipment. The data collection process
would involve a communications link, where either the
EMCS automatically downloads data to a utility over a
phone modem, or a utility calls up the EMCS for interro-
gation of the data.

The use of EMCSs in commercial buildings under
real-time pricing would enable customers to adjust their
demand automatically in response to fluctuating prices.
The process would involve establishing a communications
link between the utility and the -customer’s EMCS. Once
a day, the utility would send an hourly price schedule to
the building’s EMCS. The EMCS would then use the
price data to automatically instigate control strategies
intended to minimize energy consumption during hours
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with high prices. In this way, the customer can minimize
energy bills with a minimum effort and the utility will see
a reduced demand during peak periods and other times
when power is most expensive to produce.
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Field Measurement of Heat Island
Data

H. Akbari, L. Rainer, and H. Taha

Although the existence of urban heat islands has been
known for many years, actual measured microclimate data
to quantify this effect has been limited. There has been
little simultaneous multiple-site measurement of micro-
climatic data over long time periods. These long-term
data are required to validate and improve the numerical
models for predicting the impact of heat islands on cooling
energy use. v

Two major field studies, one in Davis, CA and one in
Sacramento, CA, were carried out by the “Heat Island
Project” at LBL." Both studies have yielded valuable heat
island data.

In the Davis project, a well-defined tree canopy (i.e.,
an orchard) surrounded by open space was transected
with eleven weather stations that measured dry-bulb and
dew-point temperatures, wind speed, and wind direction
at 1.5m above the ground. Data were collected at fifteen-
minute intervals for two weeks starting on October 12,
1986. The main objective was to quantify the effects of
vegetative canopies on micro-climates and in particular
their creation of an oasis effect during daytime. Data were
studied to analyze the variation of air temperature and
wind speed within the canopy. Figure 1 shows a typical
daytime air temperature traverse across the orchard. On
average, the canopy was about 2°C cooler than the open
fields.

. Whereas the Davis project dealt with microclimatic
changes within a single orchard with a grid spacing of
~100 m, the Sacramento project attempted to extend this
measurement to a whole city with a grid spacing of ~1
km. In this study, the weather stations were distributed
throughout Sacramento in 15 residential locations with a

‘This work was supported in part by a grant from University-wide Energy
Research Group, University of Califonia, Berkeley.
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Figure 1. The average effect of trees on the drybulb tem-

perature at 3 PM during October 1986 in Davis, CA.
(XBL-8811-3895)

variety of tree cover. Half-hourly data were recorded for
each of these sites from July 16 through September 19,
1987. Additional weather data, including cloud cover,
were collected using a computer weather monitoring net-
work located at four local airports.

The Sacramento data have been analyzed in two
ways. First, they were analyzed to quantify the effect of
local characteristics such as tree cover and skyview factor
on the local climate. Regression equations were then
developed relating inter-site temperature differences to
these local characteristics and daily weather factors such
as temperature, wind speed, and wind direction. Secondly,
the data were analyzed to extract an overall picture of the
summer heat island and its changes throughout the day.

~As an example, Figure 2 shows the temperature contour
on a hot August day. The temperature varies from 35°C
downtown to 30°C in some of the outlying neighbor-
hoods. Further analysis of the data shows that heavy tree

cover can reduce the effect of urban heat islands by as
much as 3°C.
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Figure 2. Heat island temperature contours at 4 PM on
August 5, 1987 in Sacramento, CA. (XBL-8812-4076)

Analysis of Residential End-Use Load
Shapes

H. Ruderman, |. H. Eto, K. E. Heinemeier, A. Golan, and
D. Wood

Over the past ten years, the California Energy Com-
mission (CEC) has developed models to forecast electricity
demand and peak loads in the state.! The models use indi-
vidual end-use daily load shapes to calculate hourly loads
on peak days for both weather-sensitive and non-
weather-sensitive end uses. Our project, sponsored by the
CEC, analyzes available metered data on end-use load
shapes to refine the current estimates used in the CEC
peak demand models. Initial emphasis has been placed
on residential loads because of data availability; future
work will concentrate on non-residential end uses. The
project will also assist the Commission in laying the
groundwork for transforming their peak demand models
into models that forecast hourly loads throughout the
year, relying on LBL’s experience in constructing and vali-
dating its Residential Hourly and Peak Load Model.2

Since the project began in the summer of 1987, we
have collected metered residential end-use data from the
three largest electric utilities in California. End uses were




classified as conditioning (space heating and cooling) or
non-conditioning (water heating, cooking, refrigeration,
etc.); each group was analyzed by different techniques.
For non-conditioning end uses, we aggregated the metered
data into monthly and seasonal energy consumption pro-
files and then constructed daily load profiles for weekdays
and weekend days for each season (see Figure). For con-
ditioning end uses, we constructed matrices showing aver-
age load as a function of time of day and of outdoor tem-
perature (or temperature-humidity index). We devised a
new fitting procedure to describe the average load as a
function of time and temperature suitable for use in
residential load models. To our knowledge, ours is the
first analytic expression developed to describe the behavior
of space conditioning equipment. A final report to the
CEC describing data sources, analytic methodology, and
results will be written in FY 1990. Revised load shapes
will be incorporated in the LBL Residential Hourly and

Peak Load Model. “
REFERENCES
1. California Energy Commission. California energy

demand: 1985-2005, Volume 1I: Electricity demand
forecasting methods, CEC Publication No. P300-87-
004, Sacramento, CA, 1987.

2. Verzhbinsky G, Ruderman H, Levine, MD. The
residential hourly and peak load model: description and
validation, LBL-18698, 1986.
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Analysis of Federal Appliance
Efficiency Standards

H. Ruderman, P. Chan, P. Cunliffe, A. Heydari, . Hobart,
J. Koomey, B. Lebot, M. D. Levine, J. E. McMahon,
T. Springer, S. Stoft, 1. Turiel, and D. Wood

In March 1987, Congress passed and the President
signed the National Appliance Energy Conservation Act
(NAECA)' establishing efficiency standards for household
appliances. The legislation provides for periodic update of
the standards by the Department of Energy. LBL is
responsible for an integrated analysis of the impacts of
these appliance efficiency standards. The research
involves a detailed assessment of the impacts on consu-
mers, manufacturers, electric utilities, and on the nation as
a whole. Work during FY 1988 focused on providing ana-
lytic support for DOE’s rulemaking on two groups of pro-
ducts: (1) refrigerators, freezers, small gas furnaces, and
television sets; and (2) dishwashers, clothes washers, and
clothes dryers.

Our analysis has four major components: (1) an
Engineering Analysis to quantify the efficiency improve-
ments of various design options and their costs; (2) a Con-
sumer Analysis to project the energy use, shipments, pur-
chase price, and operating costs of more efficient products;
(3) a Manufacturer Analysis to determine impacts on the
appliance manufacturing industry; and (4) an Impact
Analysis to examine the impacts of standards on various
groups. The latter analysis includes changes in consumer
life-cycle costs, competition within the manufacturing
industry, fuel savings and reduced need for new generat-
ing capacity by electric utilities, an assessment of environ-
mental impacts, energy savings by fuel type, and the net
present benefit of standards to the nation. The Figure
shows how the parts of the analysis are interrelated and
how they fulfill legislative requirements for evaluating the
impacts of standards. The following three articles provide

- more detailed information on how the Engineering, Con-

sumer, and Manufacturer Analyses are performed.

The analysis of standards on refrigerators, freezers,
small gas furnaces, and television sets was completed in
the first quarter of FY 1988. We documented the metho-
dology and results of the analysis in the Technical Support
Document? published by DOE with their Notice of Pro-
posed Rulemaking. Major improvements were made in
the utility and environmental parts of the Impact Analysis
for refrigerators and freezers. The utility analysis
evaluated avoided utility costs, lost revenues, and generat-
ing capacity deferrals that would result from imposition of
standards. In addition to estimating the reduction of
power plant emissions, the environmental assessment
examined changes in chlorofluorocarbon use in these

~appliances. We also focused on the competition between

electricity and gas in the small furnace market.

To analyze the impacts of possible amended standards
for clothes washers, clothes dryers, and dishwashers, we
collected data on the cost and efficiency. of design options
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for improved efficiency of these products. We modified
the LBL Residential Energy Model to take into account
changes in water heater energy consumption when the
efficiency of clothes washers and dishwashers is increased.
Analysis of these three products will continue in the first
quarter of FY 1989, emphasizing the estimated reduction
in water use and the cost of water and waste treatment
that would occur if certain design options were employed.

REFERENCES

1.  National Appliance Energy Conservation Act, Public
Law 100-12, March 17, 1987,

2, U.S. Department of Energy, Assistant Secretary for
Conservation and Renewable Energy, Building
Equipment Division, Technical support document:
energy conservation standards for consumer products:
refrigerators, furnaces, and television sets, DOE/CE-
0239, report prepared by Lawrence Berkeley Labora-
tory, November 1988.

Engineering Analyses of Appliance
Efficiency Improvements

I. Turiel, A. Heydari, and B. Lebot

The economic impacts of appliance efficiency stan-
dards depend largely on the relation between cost and
energy consumption of a consumer product. Our engineer-
ing analysis seeks primarily to identify this cost-
consumption relation for selected appliances. In FY 1988,
we analyzed refrigerators, freezers, televisions, small gas
furnaces, dishwashers, clothes washers, and clothes dryers,

National Welfare :
(Need to Conserve Energy)

@ Other Factors

(XBL

”

addressing two legislative requirements: to estimate the
maximum technologically feasible efficiency levels that are
possible and to ensure that new designs do not lessen
consumer utility.

Our analysis selects appliance classes, baseline units,
and .design options, determines maximum technologically
feasible designs and the efficiency improvement provided
by each option, develops cost estimates, and generates
price-efficiency relationships. We have studied 10 classes
of refrigerators and freezers, as well as two classes each of
televisions, small gas furnaces, dishwashers, clothes wash-
ers, and dryers. Many design options were studied for
each product class'. For refrigerators and freezers, a com-
puter simulation model was used to estimate energy use
under different design options. We also evaluated the
energy consumption impact caused by using only those
design options that did not increase the baseline amounts
of chlorofluorocarbons (CFCs).

We developed energy consumption data for other pro-
ducts by using test data from various sources,
manufacturer-provided ‘data, and engineering calculations.
Manufacturer costs were obtained from data submitted by
manufacturers and from component suppliers. These costs
were disaggregated into labor, materials, purchased parts,
tooling and capital costs, and shipping and packaging.

The results of the simulation analyses for a top-mount
automatic-defrost refrigerator-freezer are shown in the Fig-
ure. Simulations were performed under two scenarios.
The cross-hatched bars in the Figure show energy use for
design options which allow the amount of CFC-11 to
increase above that in the baseline case unit. The white
bars exclude options 2, 6, 9, and 10, which require
increases in CFC-11.

In FY 1989, we plan to complete the engineering
analysis for dishwashers, clothes washers, and clothes
dryers. We will also evaluate other design options such as
higher spin rpm for clothes washers, simultaneously con-
sidering washers and dryers in order to compute benefits.
We will also respond to public comments on Notices of
Proposed Rulemaking. '
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Assessment of Impacts of Appliance
Standards on Manufacturers

S. Stoft, P. Cunliffe, and ]. Hobart

The Manufacturer ‘Analysis determines the impact of
appliance standards on the the profitability and competi-
tiveness of the various appliance manufacturing industries.
It also provides estimates of retail prices that are used by
the Residential Energy Moddel (LBL-REM) and the life-
cycle cost analysis. The Manufacturer Impact Model
(LBL-MIM) uses engineering cost and efficiency estimates
as well as economic and financial data that we collect to
generate the necessary predictions for this analysis.
Besides price and rate of profit, these include shipments,
revenues, and net incomes, as well as standard errors on
of all these.

In the first half of FY 1988, we completed the new
version of the LBL-MIM and automated its running. It
now does all of the Monte Carlo calculations, scenario

(XBL-8810-3614)

evaluation, and production of tables for the Technical Sup-
port Document (TSD) automatically. After completion, it
was used to analyze impacts of possible standards on the
manufacturers of refrigerators, freezers, televisions, and
small gas furnaces, and to produce the appropriate tables
for the TSD. In general, LBL-MIM showed that approxi-
mately all increases in manufacturing cost would be
passed on by manufacturers to consumers. For some stan-
dards levels, markups were observed to increase slightly,
causing an increase in profits, while for other levels a
decrease in profits was observed.

During the second half of FY 1988, one major
improvement was made which affects the Manufacturer
Analysis and, once it has been fully extended to LBL-
REM, will allow greater compatibility between LBL-MIM
and LBL-REM. This involved changing the demand
specification from one that implies constant price elasticity
to one that implies constant life-cycle-cost elasticity. Con-
sequently, the price elasticity now changes slightly as both
the price and operating cost of an appliance change. Since
price elasticity determines the manufacturer’s markup,
these elasticity effects, though small, can have a significant
effect on a manufacturer’s profits.

We also collected data on the dishwasher and laundry
products industries. This included a survey of the indus-
tries, developed by-us and administered by AHAM, a
meeting with consultants from the dishwasher industry,
and a visit to a major manufacturer. Finally, we com-
pleted our initial analysis and the initial draft of the TSD .
for these products. -
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Residential Energy Demand
Forecasting

- J. E. McMahon and P. Chan

The LBL Residential Energy Model (LBL-REM) pro-
vides estimates of the impacts on consumers of federal
policies affecting energy consumption by home appliances,
including furnaces and air conditioners. LBL-REM com-
bines engineering estimates of possible appliance designs
with a simulation of market behavior for the purchase of
appliances, including fuel choice, efficiency choice, and
usage behavior (see Figure).

The LBL-REM has been improved this year by: incor-
porating the effects of the National Appliance Energy
Conservation Act (NAECA) of 1987 into the base case;

modeling the interactions between internal loads (e.g., -

waste heat from refrigerators) and space conditioning
energy use (heating and cooling); directly using discrete
design options from engineering analyses, without any
smoothing or curve fitting (new data became available for
refrigerators, refrigerator-freezers, freezers, and some new
sub-markets listed below); and explicitly modeling the
individual sub-markets for small gas furnaces, dishwash-
ers, clothes washers, and televisions (none of which were
previously analyzed).

The model was used to perform several analyses of
impacts of federal policies on consumers and on national
energy consumption, including: regional impacts of the

LBL RESIDENTIAL ENERGY MODEL

DATA:
— {DEMOGRAPHICS ENGINEERING ECONOMICS [
ALGORITHMS: / . ‘
EQUIPMENT BUILDI&G
EFFICIENCY EFFICIENCY
CHOICE CHOICE
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& BLDG
STOCKS
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Figure. Logic diagram showing major components of LBL
Residential Energy Model. (XCG 8412-13510)
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NAECA; possible new conservation standards for small
gas furnaces, televisions, and dishwashers; and possible

updates to conservation standards for refrigerators,
refrigerator-freezers, freezers, clothes washers, and clothes
dryers.

In addition, LBL-REM results were used to analyze
impacts on manufacturers, electric utilities, and the
environment.

We plan to continue to model impacts of any pro-
posed federal conservation standards, including incorporat-
ing into LBL-REM any new data from public comments on -
the proposed rules for dishwashers, televisions, and small
gas furnaces, and on updated standards for refrigerators,
refrigerator-freezers, freezers, clothes washers, and clothes
dryers. A new water heater algorithm will be formulated
to take into account hot water use by clothes washers and
dishwashers. A new feature will be estimates of impacts
of federal energy conservation standards on *residential
water consumption and on water and sewage costs. The
future analysis of room air conditioners, water heaters,
direct heating equipment, and pool heaters will be per-
formed on a regional basis. We will continue improving
the consumer analysis and forecasting capabilities of LBL-
REM. :

The Regional Energy and Economic
Impacts of Appliance Efficiency
Standards

J. H. Eto, ]. E. McMahon, ]. G. Koomey, P. T. Chan, and
M. D. Levine

While nationwide analyses performed by LBL
overwhelmingly support the cost-effectiveness of appliance
efficiency standards, the regional impacts of the standards
have never been examined. These impacts will vary
greatly due to regional differences in climate, appliance
stocks/saturations, energy costs, and demographic trends.
In the present work, we use an end-use energy demand
forecasting model to assess the energy, peak demand, and
economic impacts of the standards for the ten DOE plan-
ning regions of the continental U.S.

We find that the standards will save the nation nearly
$25 billion (in 1987 dollars) in cumulative net present
benefits to 2015. The savings consist of reductions in
electricity generation of 800 TWh and in direct fuel use of
almost 2 Quads.

We find that the largest absolute and percentage elec-
tricity savings will occur in the South Atlantic and
Southwest DOE regions due to both the high saturation of
air conditioning and the relatively greater cooling loads
found in these climates. Conversely, we observe the
lowest percentage electricity savings in New England due




to lower air conditioning saturations and smaller cooling
requirements.

Percentage savings for all other fuels are relatively
modest and uniform across all regions with the exception
of the Northwest region where we predict fuel use will
increase slightly. In the Northwest, NAECA has the effect
of reducing the attractiveness of electricity as a heating
fuel because heat pumps (25% of electric heating appli-
ances) become too expensive relative to expected annual
heating requirements. In this situation, fossil fuel furnace
sales increase, leading to increasing consumption of other
fuels.

The analysis is of special significance to electric utility
planners because the end-use model we employ shows
how the structure of demand will be affected by the stan-
dards. For example, we find that, while overall air condi-
tioning equipment sales will change only slightly, sales
will shift away from central air and heat pumps in favor
of room air conditioners. For water heating appliances,
we find that electric water heating sales will increase at
the expense of other types of water heating equipment.
. These effects are small nationwide, but can be significant
in some regions.

The end-use detail of our forecasts also allows us to
provide guidance to utilities considering rebate programs
to stimulate the purchase of even more efficient appli-
ances. We find that only modest rebates ($50-$100/unit)
will be needed to stimulate the purchase of more efficient
central air conditioners, but that utilities must distinguish
between models that do and do not save electricity peak
demands. In order to encourage purchases of more effi-
cient refrigerators, we find that a rebate must offset almost
the entire incremental cost of the efficiency improvement.

Research and Policy Studies to
Promote Building Energy Efficiency in
Southeast Asia

M. D. Levine, H. Akbari, |. E. Busch, |. ]. Deringer,
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Y. J. Huang, and K. H. Olson

The f)urpose of this project is to assist five ASEAN
countries! to identify appropriate government policy
options for buildings energy conservation, to enhance their
policy analysis capabilities, and to implement policy initia-
tives.

Several on-going assistance programs have continued
through this past year. First, workshops in building
energy audit procedures have been given in ASEAN for
several years by LBL consultants. Second, assistance has
been provided to several countries in developing energy
conservation standards for new commercial buildings.
Malaysia is in the process of adopting a new building
standard for implementation. Thailand is also evaluating
a similar standard that will be voluntary.

A policy options paper has been prepared to define a
wide range of policy approaches that could be pursued in
addition to building energy standards to reduce energy use
in buildings.

The most important new activity of the project has
been the development and implementation of research
activities on building energy conservation in each of the
ASEAN countries. These research efforts are summarized
in the accompanying Table. These research activities, as
they progress in each of the countries, will yield a deeper
understanding of energy use in ASEAN buildings. This in
turn will provide a sound technical basis for effective poli-
cies to reduce energy use in buildings.

TThe countries are Indonesia, Malaysia, the Philippines, Singapore, and
Thailand.



Country

Table. ASEAN in-country research projects

Project Title

Description

Indonesia
Indonesia
Indonesia

Indonesia

Malaysia

Malaysia

Malaysia

Malaysia

Malaysia

Philippines

Policy

Survey of Energy Use In
Hotels and Simulation
Studies

Weather/Solar Radiation

. - Data

Control and Monitoring of
Commercial Buildings

Utility Policy

Chiller Optimization and
Control

Energy Audit Studies and
Development of Energy

~ Conservation Require-

ments for  Malaysian
Buildings

External Shading of Win-
dows

Administration and Policy
Studies

Lighting and Daylighting
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Review existing building regulations; conduct build-
ing audits; develop energy conservation policy for
buildings.

Audits of hotels and other commercial buildings; en-
ergy analysis using computer simulation tools
(DOE-2 and ASEAM.2) to determine cost savings.

Collect hourly solar and weather data in Bandung
and Jakarta; analyze weather data; develop typical
weather year and prepare in DOE-2 format.

Review existing buildings with energy management
and control systems (EMCS) in place; review
economies and energy savings of retrofit measures;
upgrade existing EMCS with new controls and mon-
itoring equipment and monitor building energy use.

Measure building hourly load profiles using UPLAN
simulation code; analyze short- and long-term mar-
ginal costs for utility; analyze commercial
conservation/load management effects on load
shapes; conduct financial analysis of costs, tariffs,
and marketing strategies; analyze overall implica-
tions for future utility policy. )

On-site study of buildings with building automation
systems (EMCS) in place; simulate performance of
these buildings; compare simulation results with ac-
tual.

Analyze results of audit survey of 10-12 buildings
using ASEAM.2; analyze and revise OTTV equation
using solar radiation data; perform DOE-2 studies; '
assess economics of implementation of standards on
existing buildings.

Survey and tabulate use of external shading devices
on existing buildings; build physical model to
analyze effectiveness of shading devices; correlate
results to those of DOE-2 simulations for selected
devices; develop shading schedules for DOE-2.

Survey 25+ existing government buildings and
analyze results; identify possible targets for energy
conservation measures; study effect of implementa-
tion of policy on existing government buildings.

Survey and compile results of actual lighting and
daylighting conditions in 20+ buildings, including
survey of behavioral response to daylight and artifi-
cial light; study daylight geometrics, such as glare
and brightness imbalance; develop DOE-2 daylight
simulations; set up controlled physical models for
monitoring. : .



Country

Project Title

Description

Philippines

Philippines

Philippines

Philippines

Singapore

Singapore

Singapore

Singapore

Thailand

Forced and Natural Venti-
lation

Air Conditioning Equip-
ment

Performance of Typical
Building Insulating and
Reflective Materials

Analysis, Assessment, and
Policy

Lighting and Daylighting

Energy - Analysis Using
DOE-2

Energy Management

Assessment, Analysis, and

Policy

Natural Ventilation
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Survey and compile results of actual air conditions
and thermal comfort in 12 buildings; correlate
ESPAIR computer simulations with findings of sur-
vey; prepare design guidebook for natural ventila-
tion.

Survey component cooling equipment in 50+ com-
mercial buildings; study effects of air conditioning
efficiency improvements using ASEAM.2, and for
selected buildings, DOE-2.

Perform correlation studies to determine heat
transfer values of materials in non-air conditioned
buildings and potentials for comfort conditioning
and energy efficient design; establish U-values for
typical building cross-sections of materials and com-
ponents commonly used in the Philippines but not
covered by ASHRAE; build test cell to test materials. -

Survey building characteristics and energy use and
also building managers’ attitudes toward energy con-
servation investment; perform detailed energy audits
of 50 buildings; study performance of cogeneration
systems and investigate utility pricing policy affect-
ing cogeneration use; perform DOE-2 and ASEAM.2
simulations in support of policy development includ-
ing development of building energy conservation
standards; analyze policy issues.

Extend existing lighting survey of 200 buildings to
include industrial buildings and obtain more detailed
data from existing 200.

Prepare new weather data for Singapore for use in
DOE-2; evaluate OTTV equation and develop sim-
plified expression for estimating energy use; assess
and validate simplified energy estimation metho-
dologies using survey data; develop algorithms for
revised energy standards.

Conduct energy measurements in existing buildings;
compare results with simulation studies; evaluate en-
ergy conservation options; produce manual on ener-
gy management.

Verify solar correction factors based on a full year of
solar data; study conductance heat gains through
glass; verify ETDQ values for classification -of
construction—light, medium, and heavy. revise
OTTV handbook; develop approach to the revised
standards.

Collect and analyze weather data including solar
data for Chiang Mai; Using ESPAIR simulation code,
conduct natural ventilation studies; produce design
guidebook on natural ventilation; organize dissemi-
nation workshop.



Country Project Title

Description

Thailand Lighting and Daylighting

Thailand Air Conditioning Research

Thailand Assessment, Analysis, and

Policy

Global Biodiversity: Habitat Change
and Species Extinctions*

W. E. Westman

Current concern about the global loss of species arises
in part from the rapid rate of clearing of species-rich tropi-
cal forests. We are using satellite remote sensing to quan-
tify rates and patterns of tropical deforestation, and are
linking this information to predictions of species endanger-
ment by use of field data and predictive models. Current
efforts in a pilot study are focused on two tropical rain-
forest regions: southern Uganda, and northern Queens-
land, Australia.

In our work in Uganda,' using LANDSAT multispec-
tral scanner (MSS) data, we found a net removal of 29%
of the forest area in Mabira Forest Reserve during the
period 1972-1988 (see Figure). During the same period,

the edge-to-area ratio of the forest increased by 29%, and

a maximum of 7% of the forest regrew in cut areas. We
could also differentiate heavily-logged from lightly- or
moderately-logged areas of forest using the MSS data. By

*Collaborators were Laurence Strong, Christine Hlavka (NASA Ames
Research Center); Bruce Wilcox (Institute for Sustainable Development);
Hank Shugart, John Weishampel (University of Virginia); C.J. Tucker
(NASA Goddard Space Flight Center). This work was sponsored by the
National Science Foundation and the NASA Earth Sciences Division.

Perform daylighting studies with DOE-2; evaluate
daylighting availability in Bangkok; investigate vari-
ous design methodologies; conduct experiment to
compare effectiveness of installed daylighting con-
trols in an office environment; organize in-country
workshop. )

Perform parametric study of air conditioning system
performance via simulation; evaluate actual perfor-
mance of air conditioning equipment.

Perform audits and analyze data; formulate policies,
develop standards and implementation package.

linking this information to field-based studies, we could
identify which two of seven primate species in the area
were expected to thrive differentially under current pat-
terns of forest disturbance. ’

In Queensland,? we conducted field work on the
Atherton Tableland to examine how vascular plant species,
and an indicator arthropod species (a giant centipede),
respond to forest fragmentation over time. The research
included an investigation of differences in attributes of
plants growing on newer forest edges vs. forest interiors.

In future work, we plan to examine the impacts of
forest clearing in Uganda on a larger regional scale using
Advanced Very High Resolution Radiometer satellite data
(1 km resolution), and to use predictive models from bio-
logical theory to predict regional impacts on the biota.
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Effects of Climate Change on
Vegetation in California and Baja
California*

W. E. Westman

General circulation models of global climate predict
that California’s climate will become warmer and wetter
with continued buildup of carbon dioxide over the next
century. By observing predicted climate changes for Cali-
fornia in relation to existing climatic tolerances of vegeta-
tion, we made predictions of vegetation change using
direct gradient analysis. We predicted that chaparral ele-
ments would expand at the expense of southern oak

woodland and blue-oak digger pine woodland; that

yellow-pine/mixed conifer and red fir forest elements
would expand at the expense of subalpine forests in the
Sierra Nevada, and that inland prairie and sage elements
would expand into areas now supporting coastal sage and
succulent scrub vegetation.

Higher summer temperatures imply an aggravation of
ozone formation in coastal southern California. The effects

*George P. Malanson, Dept. of Geography, Univ. of Iowa, collaborated in
this work, which was sponsored by the Environmental Protection Agency.
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of increased precipitation, increased temperature, and
increased ozone levels on the coastal association (Ven-
turan) of coastal sage scrub were examined under varying
fire frequency regimes using a simulation model (FINICS)."
Simulations of the combined effect of these changes (see
Figure) indicate that long fire-return intervals (30-40 years)
would be needed to maintain mixed-species shrub domi-
nance. This could intensify conflicts between biodiversity
goals and current fire hazard reduction practices involving
prescribed burning at shorter return intervals.

Some early warning signs of changes in Venturan
coastal sage scrub under increased evapotranspirative
stress and elevated ozone may be inferred by comparing
ecophysiological and morphological changes along a gra-
dient in these parameters in the Santa Monica Mountains.
As sites of elevated temperature and ozone are
approached, early season leaves of the dominant black
sage (Salvia mellifera) become larger and less dense, nitro-
gen and lignin concentrations increase, and the chloro-
phyll (a/b) ratio decreases. At both coastal and inland
sites, reduced shrub cover increases the opportunity for-
growth of annuals, including exotic grasses.

We plan to expand our simulation modeling to
include the behavior of the evergreen shrublands (chapar-
ral) of California, and examine the relative abilities of the
evergreen and drought-deciduous shrublands to thrive
under future climatic alteration.
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Contribution of LDC Energy Use to
the Global Climate Problem

J. Sathaye, A. Ketoff, L. Schipper, and S. Lele

Over the last century, the global atmospheric concen-
tration of carbon dioxide and other “greenhouse gases”
has increased substantially. This may have serious conse-

(XBL-889-10424)

quences for human well-being over the next century.
Emissions from energy consumption are the single largest
contributor to this effect. An examination of possible
trends in energy consumption and the potential for its

- reduction is therefore crucial to any attempt to prevent or

delay global warming.
We have explored the contribution of developing

countries (LDCs) to the demand side of the problem.l We
use information about energy and economic activity in the
developing and developed countries to construct two basic
scenarios for the year 2025 in five regions: Asia, China,
Africa, Latin America and the Middle East. These are
based on assumptions about economic growth rates,
energy price trends, and population growth. We also con-
struct two policy cases to examine the effect policies could
have in reducing energy intensity and activity levels in the
two basic scenarios. In analyzing energy demand, we
examine five sectors in each region: industry, transporta-
tion, residential, commercial and agriculture. We establish
measures of energy intensity (energy consumption per unit
of activity) for each sector, and seek to understand the
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changes in structure of that sector that influence its energy
intensity. We also examine the changes in the mix of fossil
fuels (taken as a group), biomass, and electricity in each
sector.

The Table gives the overall results by region for the
rapid economic growth scenario. The results for non-LDC
regions are derived from basic assumptions consistent with
those used for the LDC scenarios. The results show the
large shift in share of energy consumption from the indus-
trialized to the developing countries. About half of world
energy use takes place in the LDCs in 2025. Modern fuel
use increases at 3.4% annually in the LDCs between 1985
and 2025. Almost 80% of the increase in fossil fuel
combustion in this scenario occurs in the LDCs. Their con-
tribution to carbon dioxide also increases in similar pro-
portion. .

It is estimated that such an increase in energy con-
sumption will lead to a realized temperature increase of
2.5°C by 2050. To place this in perspective, the antici-
pated temperature rise of 1.5-4.5°C over the next 100
years is equivalent to the temperature increase that has
taken place over the last 18,000 years.

We also construct scenarios where strong policies are
adopted to control .growth in energy use. These would
lead to a temperature increase of about 1.5°C by 2050.
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European Electric Power Generation:
The Role of Oil

D. Hawk and L. Schipper

Annual primary oil demand in European member
countries of the Organization for Economic Cooperation
and Development (OECD) declined by approximately 25%
between 1973 to 1986. Nearly one-third of this decline is
the result of the phasing-out of oil for use in electricity
generation. In 1973 in France, Germany, Italy, England &
Wales, and Sweden, oil ‘was the first- or second-most
important energy source for electricity generation—

Table. Energy demand in 1985 and 2025, all regions

2025
1985 Rapid R/Policy GDP /Cap. Pop.

Scenario Scenario

Region EJ* E] % AAGR** E] % AAGR % AAGR % AAGR

C-Planned Asia 29 96 29 77 24 3.8 1.0
Middle East 9 42 3.7 36 3.3 2.0 2.3
Africa 8 43 34 32 27 1.7 24
Latin America 19 72 3.3 56 2.7 2.8 1.5
S and E Asia 22 85 33 66 27 3.6 1.5
LDC Total 20 337 3.3 266 2.7 4.5 1.5
World Total 354 642 1.5 514 0.9 2.1 1.3

* 1 EJ is 10'® Joules, or about 23.9 MTOE, 0.5 MBDOE, or 0.95 quadrillion BTU.

** % AAGR = % average annual growth rate.

Note: Energy demand includes that for modern and traditional fuels.
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generating between 14% to 59% of electricity produced.
By 1986, oil use for electricity generation had declined to
between 1.5% and 5.6% in all countries except Italy
(39.4%), where oil is still being used for base-load genera-
tion. However, the oil generation facilities existing in
1973 are still in place and are operable (in various stages
of reserve) and some oil-fired generation is used, primarily
to meet peak load. Thus, the infrastructure that enables
oil-based electricity generation remains in place, but the
intensity with which oil is used has changed. This sector
could trigger a large and quick rise in the demand for oil:
a potential 25% increase in the total oil demand for these
five countries. The Figure shows the huge increases in oil
use by the power sector that would result if the oil-using
capacity in each of these countries was used at its highest
feasible level (capacity factors between 60% and 79%).
The case 1 potential is calculated using only oil capacity.
The case 2 potential is calculated using all of the oil-using
capacity, which includes capacity with multi-fuel capabil-
ity.

In England & Wales and Sweden, oil-based generation
may soon increase above 1986 levels. In Sweden, oil-
-based generation will be used to bridge a supply gap that
will result from the de-commissioning of nuclear power
plants in the absence of new generation capacity to
replace it. In England & Wales, a competitive environ-
ment introduced through privatization, the relative youth
of the oil capacity, and the current low oil prices may
cause oil-based electricity generation to have a competitive
advantage, even replacing some coal-fired generation.
Continued delays in the nuclear program would encourage
the use of oil to bridge supply gaps until the nuclear capa-
city comes on-line or a different generation source is
selected. In Italy and Germany, oil-fired electricity gen-
ération will likely remain relatively constant. Unless Ger-
man law changes, no additional oil-based generation will
occur. Only in France will oil-based generation decline.

150
France
125 L 72 W. Germany
5% Iraly
KX England & Wales
100 Sweden
1
S 5t
50
XX
e
25 - > A 4 K :u:u 8— X%
SR B
0 Z 1 T
1973 1986 Potential: Potential:
Case 1 Case 2

Figure. Oil use by the power
potential. (XCG 8810-6780)

sector, past, present, and

Although oil-fired electricity generation may increase
above 1986 levels in the near future in some countries, the
maximum potential levels of oil-based generation calcu-
lated in this report will not be attained in any of the coun-
tries unless a major electricity generation resource or tech-
nology suffers a severe, unforeseen disruption. In the
absence of such a disruption, institutional barriers against
dependence on oil will preclude the realization of the
existing potential. Nonetheless, the “hidden” potential for
oil use in the power sector, represented by the existing
oil-fired capacity, must be borne in mind. As institutions
and political agendas evolve, so too might attitudes
regarding oil use.
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Residential Energy Conservation
Policy and Programs in Six OECD
Countries

D. Wilson, L. ]. Schipper, S. Tyler, and S. Bartlett

In response to the impacts of high international oil
prices in the 1970s and early 1980s, the governments of
many countries implemented policies and programs for the
purpose of reducing household energy consumption.
Through these policies and programs, governments sought
to improve the residential energy market (by removing

_perceived market barriers), change that market (by offering
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subsidies, charging taxes, etc.), and alter the make-up of
items on the market (appliances, heating equipment, etc.).
The tools they used to meet these goals were information,
subsidies, regulations, and price manipulation.

The current low price of oil has offered governments
a reprieve: time to pause and look back. That process is
currently taking place within several governments as they
anticipate the necessity of moving forward with new pro-
grams motivated by changes in energy prices and/or other
concerns such as the negative environmental impacts of
energy supply and consumption processes. In this study,
we describe and compare policies and programs that were
implemented in Denmark, France, Japan, Sweden, West
Germany, and the U.S. We present them along with con-
textual factors which determine both policy and program
goals and the range of feasible measures/methods for
achieving them. Contextual factors include: energy supply
and demand structure; political and social environment;
economic environment; institutional structures of relevant
government agencies; and physical environment (climate,
age and thermal quality of the housing stock, etc). Each



of the above-mentioned topics is then discussed individu-
ally, using the specific experiences of the study countries
to highlight and illustrate our observations with regard to
their use.

These analyses have resulted in several fundamental
conclusions regarding residential energy conservation pro-
gram design. The first of these is that the most far-
reaching programs take an integrated approach, using
more than one tool to achieve a well-defined policy goal.
An important example of this took place in Denmark
. where a program package of subsidies, home audits, and a

home labeling program were used to attempt to improve
the thermal quality of the existing housing stock. The
specific tool or set of tools to be used in a program should
be chosen based on both program objectives and context.
The implementation of program tools commonly requires
combined efforts of a variety of government institutions.
The relationships and interactions between these institu-
tions should be directly addressed as part of every pro-
gram design, and where possible should be enhanced. In
addition, relationships between government and non-
government institutions (such as industry and academia)
should be nurtured. These relationships can provide
important channels to consumers and an infrastructure for
supporting program implementation. Wherever possible,
existing infrastructures should be used to implement pro-
grams. Both the Swedish retrofit subsidy plan that was
melded into the existing national home loan program and
the program in Germany that supported the publication of
energy efficiency information through a well-known and
- widely-read magazine provide examples of this. A multi-
tude of examples of problematic programs that attempted
to create and rely exclusively on new institutions and
infrastructures also exist.
should be part of every program design. Evaluations
should be used both as part of the implementation process
(i.e., learning and adapting as you go along) and after pro-
grams are completed (i.e., enhancing the learning curve
effect). Although program evaluations have become more
common in the US., they are still relatively sparse in
other countries (except Sweden). Removing the many bar-
riers to program evaluations should be a high priority goal
of policy- and decision-makers responsible for initiating
and/or planning residential energy conservation programs.

Home Electricity Use in OECD
Countries: Recent Changes

L. Schipper, D. Hawk, A. Ketoff, and N. Hirt

The Home Electricity Use Study  has been recently
updated to study changes through 1987.! These changes

*This work was additionally supported by the International Energy Agency,
Paris, France and Oslo City Light, Oslo, Norway.

Finally, program evaluation

suggest that the wave of increased efficiency seen in our
earlier study has peaked. Except for the heating market,
inter-country differences are shrinking. The inter-country
comparison suggests that many factors besides price and
income influence the levels and patterns of residential
electricity use in homes of the Organization for Economic
Cooperation and Development (OECD) countries.

The Figure shows per-capita use in 1986 divided into
end uses. The most important difference among countries
is the use of electric space heating, a dominant component
of sales growth in France, Sweden, and Norway. Secon-
dary use of electricity for heating, i.e., in combination with
other main heating systems, has grown in Denmark and is
now a leading component of growth in electricity in Japan,
where heat pumps reach the 50% saturation level.

The historical evolution of the countries shown in the
Figure reveals that once homes reach a level of consump-
tion corresponding to about 1000kWh/cap. for lighting,
appliances, and cooking, then household electricity use
only grows significantly if electricity makes significant
inroads against fossil fuels in the space and water heating
markets. In Sweden and Norway, such gains drove strong
increases in household electricity use in the late 1970s and
1980s. In these countries, electricity heats 35% and 65%
of all homes, respectively. In the Netherlands, by contrast,
electricity heats almost no homes: instead cheap gas pro-
vides space heat, hot water, and cooking for over 90% of
homes.

Differences in structural features, such as housing and
appliance characteristics, incomes, and habits and lifestyles
are not insignificant but many of these differences have
diminished over time. This is particularly true for electric
appliances. As the number of major international appli-
ance manufacturers has declined, appliances have become
more homogeneous.

If the differences in use patterns shown in the Figure
are analyzed further, significant differences in intensity, or
use per household, are found. For example, homes with
electric water heating in Germany use considerably less
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Figure. Electricity use per capita in 1986, climate
corrected. D = West Germany, GB = Great Britain, 1 =
Italy, ] = Japan, S = Sweden, F = France, DK = Denmark,
N = Norway, and NL = Netherlands (XBL-8811-3856)



electricity per home for that purpose than those in the

U.S., Sweden, or Japan. German homes use instant water
heaters with almost no tank losses, while Japanese, Ameri-
can, and Swedish homes use large tanks.

The efficiency of electric appliances has increased
markedly in most of the study countries. These improve-
ments limited the growth in appliance electricity use
caused by increased saturation levels; in a few countries
(Denmark, Sweden, United States), growth in use per
household was very slow or even negative after 1978.
Appliances sold in 1988, while far more efficient than
similar ones sold in the early 1970s, may not be signifi-
cantly more efficient than those sold in 1985. If this “effi-
ciency plateau” proves lasting, then electricity use for
appliances could begin to grow again as larger and more
fancy models appear in households. Our comparisons
also suggest that there are slight differences in the sizes
and efficiencies of appliances within European countries;
in countries with high electricity prices, such as Denmark
and Germany, efficiency is slightly higher than in coun-
tries with lower prices. Appliances in North America are
larger and less efficient than their European counterparts.

The price of electricity is an important determinant of
the level of demand in the long run. If cheap compared to
fossil fuels, electric heating gains a high market share (as
in Norway), and water heating becomes attractive as well.
Prices also influence comfort and lighting levels, and have
some impact on appliance size and use. Income is an
important determinant of the level of demand while stocks
of major appliances are growing, but becomes less impor-
tant thereafter, particularly in countries where the most
expensive appliances are often the most electricity-efficient
ones. Technology—the choice of heating system and
insulation and the actual design of appliances—is certainly
influenced by electricity prices, but other factors, such as
climate, the presence of central space- and water-heating,
and the traditions of the housing industry also influence
the design and use of appliances.

Work in FY 1989 will focus on four areas. First, we
shall continue our dialogue with the major appliance
manufacturers to better quantify the savings in electricity
use since 1973 that have arisen from greater efficiency.
We will also explore the factors driving the future appli-
ance market, and how new appliance features will influ-
ence electricity consumption. We will extend the com-
parison of household electricity use to 1987, with special
emphasis on a Scandinavian comparison. Thirdly, we will
explore the impact of certain kinds of lifestyle changes on
future electricity use. Finally, we will extend our analyses
to cover important end uses in developing countries, based
on direct experience with surveys in Venezuela and
Indonesia as well as information generated from our urban
energy-use network.
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Electricity in the LDCs: Trends in
Supply and Use Since 1970

S. Meyers and |. Sathaye

The share of world electricity production accounted
for by the less developed countries (LDCs) grew from 11%
in 1970 to 20% in 1986. The average annual growth rate
for LDC electricity production in this period—8.4%—was
over twice the rate of 3.8% in the “developed” countries.
Growth in the 1980s—6.7% /year through 1986—has been
less than the rate of 9.4%/year in the 1970s, mainly due
to slower economic growth in Latin America and Africa.

Electricity production has grown fastest in Asia
(9.5%/year between 1970 and 1986), followed by China
(8.8%/year), Latin America (7.7%/year), and Africa
(6.4%/year). Among the 13 countries in our study,
growth ranged from 5.2%/year in Argentina to
13.2%/year in South Korea. Indonesia, Malaysia, and
Thailand averaged growth in excess of 10%/year, and
Pakistan, Taiwan, and Brazil were close to this.

Electricity generation is much higher in China (450
TWh in 1986) than in any other LDC. Brazil (212- TWh)
and India (202 TWh) are also major producers of electri-
city. The next largest—Mexico, South Korea, and
Taiwan—are well below India.

The share of total LDC electricity production derived
from fossil fuels has remained at about 65% since 1970.
The share of fossil fuels in 1986 was 77% in China and
Africa (56% if South Africa is excluded), and 70% in Asia.
In Latin America, the hydropower share increased from
51% to 61% between 1970 and 1986. Hydro's role has
increased in China since 1970, but has declined in Asia
and Africa. :

The LDCs have experienced a shift away from oil to
coal, natural gas, and nuclear power (mainly in Asia).
Coal dominates power generation in China and India, and
is also prominent in South Korea and Taiwan. Natural
gas plays an important role in Pakistan, Thailand, and
Venezuela. For 12 major LDCs, the combined share of oil
in total public generation declined from 27% in 1970 to
17% in 1986. The share of hydro fell from 48% to 44%,
coal grew from 15% to 22%, while nuclear went from 2%
to 9%.

The extent to which electricity consumption grows
faster than the economy depends in part on the stage of
economic development in which a country finds itself.
The ratios between average growth in electricity consump-
tion and growth in real GDP in the 1970-86 period in the
13 study LDCs were mostly between 1.6 and 1.9. The
ratio was lower in Taiwan and Malaysia, reflecting their
more mature level of economic development.

The industrial sector dominates electricity consump-
tion in nearly all LDCs, but its share of total consumption
has generally declined in the face of faster growth in the
residential and commercial sectors (see Figure). Residen-
tial electricity use per capita has grown at more than
10%/year in most of the countries due to increase in the
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number of homes that have electricity and rising owner-
ship of appliances.

As electricity demand grows, many LDCs face increas-
ing difficulty as they seek to expand supply and maintain
existing systems. Power shortages are critical in many
countries and environmental issues are becoming more
important. Measures that are receiving closer attention
include reform of tariffs to better reflect costs, reducing
demand through end-use efficiency improvement,
encouraging private power generation, and improving
technical and managerial aspects of electric utilities.
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Production, Consumption, and Trade
of Natural Gas: Western Europe and
the Developing Countries

J. Sathaye, A. Ketoff, and G. Pireddu

World-wide, natural gas is assuming growing impor-
tance. It is being discovered in increasing quantities in the
developing countries and it is also the fuel of choice to
substitute for oil in oil-importing countries. It is environ-
mentally more benign than other fuels and emits less
“greenhouse gases’ relative to those associated with the
use of oil and coal. For these reasons, its use will be
highly valued in the future.

This work is intended to describe the current and
potential use of natural gas in several regions of the
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world—Western Europe, Asia, Latin America, and the
Middle East. Within each region, we focus on a few coun-
tries that are in a position to export, or are already export-
ing, natural gas to other countries.

In Western Europe, natural gas demand is not
expected to increase by more than 10-20% by the end of
the century. The major uncertainty is whether the Scandi-
navian countries will use more of the abundant gas avail-
able in that region for power generation and space heat-
ing. The long-term demand for gas could increase consid-
erably if environmental policies forced additional displace-
ment of other fuels.

The Asian region (not including the Soviet Union)
accounts for about 6% of the world’s natural gas reserves.
Indonesia, Malaysia, Brunei, and Afghanistan have depo-
sits large enough with respect to domestic demand to
export natural gas. Taiwan and Japan have smaller and
dwindling deposits of natural gas. The region is far from
fully explored and new discoveries have been reported in
Papua New Guinea and India. Asian reserves are expected
to increase over the next two decades. Natural gas utiliza-
tion will depend on the location of the natural gas depo-
sits within a country and the level of reserves relative to
the country’s needs. Countries that discovered natural gas
recently have used it in industry and power generation.
Residential use occurred in countries that had heating
needs and those that discovered gas some decades ago.
Exports of gas, either as LNG or methanol, from Malaysia
and Indonesia will remain a long term option; those from
other Asian countries are unlikely given their current
reserves and indigenous demand for natural gas.

Natural gas in Latin America has changed from being
a by-product of the petroleum industry in the 1960s and
the early 1970s to become an important energy source for
the indigenous market. The prospect for export of natural
gas from this region is limited. Demand is growing in the
three major producing countries—Argentina (Figure), Mex-
ico, and Venezuela—and is likely to expand in the others,
particularly in Brazil. Increasing demand can be expected
in the residential sector as a result of both an increase in
the number of users (in Venezuela and Mexico) and an
increase in comfort levels (in Argentina). Use in transport
will remain minimal, although it might grow considerably
in certain markets if strong government programs are
launched. Industrial demand will remain dominant, par-
ticularly as the use of gas is seen as beneficial either to the
environment (e.g., in Mexico), or to the international com-
petitiveness of local industry (e.g., in Venezuela). With
both Venezuela and Mexico pushing the use of gas as raw
material for petrochemicals, demand in this sector is
bound to increase considerably. Both countries would
rather export higher-valued petrochemicals than LNG.
Given present trends in demand patterns in Latin America,
reserves of natural gas appear insufficient to allow export
in the long run. Furthermore, since most of the gas is
associated with oil, gas for export would be available only
when demand for oil, and therefore production of oil, is
high.

The cost of natural gas in the Middle East is minimal,
since its production is associated with oil. Final users are
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charged low prices to favor its use over other, more
exportable, petroleum products. Gas demand (in produc-
ing countries) will continue to expand as petrochemicals,
power generation, and large industries switch off oil pro-
ducts. The uncertainty of the international oil market will
push governments (in particular, Saudi Arabia and Kuwait)
to seek non-associated resources to be tapped in case of
shortages of associated gas. Capital availability might be a
constraint, but the priority is high as countries prefer to
keep oil underground in a period of low oil prices. In
Iran, additional marketable production requires consider-
able amounts of capital, as major fields are scattered in the
southern regions of the country. The end of the Iran-Iraq
war is likely to boost industrial demand as well as residen-
tial use in newly reconstructed cities, which might justify
increased efforts on the production side. As local use of
gas becomes a key element of economic development,
exports are not likely to be sought by any of the countries
examined, with the exception of Qatar and Abu Dhabi. In
the other countries, we can expect natural gas to be used
in petrochemicals, fertilizers, and other energy-intensive
products which will be marketed locally and/or exported.

With increasing discoveries of natural gas world-wide,
the likelihood of additional gas becoming available for
export in the form of LNG or, after transformation, in the
form of methanol is strong.
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Energy Markets and Energy Demand:

‘China and the U.S.

J. Sathaye, L. Schipper, and M. D. Levine

Knowledge abroad about China’s energy demand pat-
terns and its likely future growth of demand is limited.
Likewise, Chinese planners are eager to seek additional
information and knowledge about energy use and govern-
ment policy in the U.S. In order to exchange information
and viewpoints, a symposium was sponsored jointly by
the State Planning Commission of China and the Office of
Policy, Planning and Analysis of the U.S. Department of
Energy. The Chinese-American Symposium on Energy
Markets and the Future of Energy Demand was organized
by the Energy Research Institute of the State Economic
Commission of China, and Lawrence Berkeley Laboratory
and Johns Hopkins University from the United States. It
was held in Nanjing, China in late June 1988. It was
attended by about 15 Chinese and an equal number of:
U.S. experts on various topics related to energy demand
and supply.

The Chinese papers provide an excellent overview of
the emerging energy demand and supply situation in
China and the obstacles the Chinese planners face in
managing the expected large increase in demand for
energy. Topics discussed by speakers included energy
demand modelling, energy pricing reform, air pollution
and energy use, and patterns of energy use and conserva-
tion in buildings, transportation, industry, and power gen-
eration. .

The huge rate of economic growth in China has
brought with it a dramatic increase in energy use. Energy
conservation, however, has not yet surfaced as a common
concern or practice among the populace, and lack of price
incentive for conserving energy has allowed a huge incre-
mental increase in energy use to accompany China’s
approximately 10% annual rise in GNP. Of great concern
to' China’s leaders is that country’s energy pricing struc-
ture, which encourages inefficiency and discourages con-
servation. “‘Planned” (i.e., subsidized) prices are replaced
in practice by locally derived prices, which in turn often
yield to black-market prices. Representatives of the
Chinese government expressed their eagerness to reform
pricing and to develop and implement conservation tech-
niques and policies.

Conference participants also discussed China’s efforts
to control indoor and outdoor pollution, especially in
urban areas. In China, almost all cooking is done using
low-quality coal that is not cleaned (cleaning reduces sub-
stantially the sulphur content of the coal). In addition,
scrubbers are not yet used by coal-fired power plants.
Acid rain has resulted from these practices, and damage
caused by acidic pollution is glaringly evident: a slide
presentation at the conference depicted two sides of a
monument, its windward side pitted and its leeward side,
smooth.



Future work with the Chinese is likely to involve col-
laborations on such topics as energy pricing reform,
-energy demand and global warming, and building energy
conservation. A follow-on conference in which the
Chinese researchers travel to LBL is envisioned in FY
1991.

Competition in Electricity Generation

E. Kahn

Competition in the generation of electricity began
with the -Public Utilities Regulatory Policy Act (PURPA) of
1978. PURPA required regulated utilities to purchase the
output of certain private, unregulated suppliers at prices
based on the cost of equivalent power. Producers who
met the technology specifications embodied in PURPA,
essentially cogenerators and users of renewable energy,
were called Qualifying Facilities (QFs). The response to
PURPA was very substantial in regions which offered
favorable terms. In some cases, the response
overwhelmed utilities and their regulators, creating a need
to ration or limit QF supplies. This unanticipated develop-
ment spurred interest in reforming the PURPA process to
make it more efficient. The principal reform which has
emerged from these concerns is the creation of auction or
bidding systems in which PURPA suppliers compete for
the right to sell under long-term contracts. PURPA auc-
tions raise many design and implementation questions.
These have been studied in detail previously.

The Federal Energy Regulatory Commission (FERC)
has taken the initiative to broaden the PURPA auction
process initiated in individual states. In a series of Pro-
posed Rules, the FERC has suggested expanding the scope
of competitive bidding to include all sources of supply
instead of only the QFs. The principal effect of the pro-
posed FERC rules would be to create a new class of unre-
gulated suppliers, called Independent Power Producers
(IPPs) who would compete with the QFs and regulated
producers for the right to provide new generating capacity.
The far-ranging nature of the FERC proposals raises a
number of policy and technical questions.

We examined the welfare impacts of the FERC propo-
sals in light of prospects for regulatory policy. PURPA
and the FERC initiatives have arisen in part out of dissa-
tisfaction with the performance of regulation, particularly
with regard to inducing efficient investment in generation
facilities. Three scenarios for future regulatory policy were
delineated and used as a background against which to
evaluate the FERC proposals. These scenarios are: 1) capi-
tal minimization, in which utilities avoid investment due
to hostile regulation, 2) joint responsibility, in which regu-
lators share planning authority explicitly with utilities, and
3) optimal risk aversion, in which utilities avoid risky

“and capacity expansion in the long run.
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investment, but there is no sharing of responsibility with
regulators. The balance of costs and benefits varies in
each scenario. Depending on the degree of competition
between the IPPs and regulated suppliers, there will be no
differences in bargaining power and flexibility. Efficiency
gains will be obtained, but at the price of higher transac-
tion costs. On balance, the FERC proposals appear benefi-
cial. Details are available.!

The FERC proposals imply major changes in the
structural organization of the electric utility industry. The-
underlying - assumption that the wholesale generation
market is workably competitive implies that the tradition-
ally vertically-integrated and regulated firm will be altered
significantly. The key element in these long-run changes
is the evolution of the transmission system. The FERC
proposals do not explicitly take up the questions raised
about transmission under wholesale competition. Any-
system which evolves must provide for system security,
efficient pricing of transmission services in the short-run,
Achieving all
three objectives will require some kind of cooperative
arrangement between the buyers, who will probably end
up operating the system, and the sellers, who may have to
bear the financial burden of expanding capacity to reach
new markets. '

The planning and operating environment will also
change substantially under wholesale competition. Con-
tractual arrangements will play a larger role in unit com-
mitment and economic dispatch. The utility’s obligation
to serve will be tested as its “supplier of last resort” func-
tion gets defined more precisely. It is plausible that the
overall level of wholesale generation reliability may
degrade somewhat.” Storage technologies, which provide
an inventory function, will play a larger role in smoothing
out these problems. ,

There can be expected to be major re-allocations of
assets among firms. Some of this will involve divestitures
that move particular resources to higher valued uses.
More important will be consolidations that will help to
make the market operations more efficient. On the
buyers’ side, small distribution companies can achieve
important efficiencies through merger. One problem is
that many of these companies are publically owned, and
lack the financial incentives to consolidate. Mergers
among suppliers will not be harmful as long as monopoly
power does not accumulate. The prospects are good that
these abuses can be prevented. Detailed results are avail-
able.?

Future work on these issues will focus on implemen-
tation problems of designing all source competitions for
bulk power and the resource planning problems these
must address.
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BUILDING ENERGY SYSTEMS PROGRAM

INTRODUCTION

The main theme of the Program is the comprehensive
simulation, analysis, monitoring, and evaluation of the
energy performance of whole buildings, emphasizing
nonresidential buildings. Many of the projects develop
and apply comprehensive computer models that enable
integrated performance analyses of heating, cooling, and
daylighting systems. A further activity involved research
on absorption heat pumps for solar cooling and gas-driven

applications.
The Simulation Research Group maintains and
continues development of DOE-2, a public-domain

computer program for detailed, hour-by-hour simulation of
energy use in buildings. DOE-2 is in wide use in the U.S.
and thirty other countries to design energy-efficient
buildings and to research innovative building technologies.
During FY 1988, new capabilities were added to DOE-2,
enhancing its usefulness.

The Simulation Research Group is also developing the
next generation of simulation software, for use in the
1990’s and beyond. A plan has been formulated in
collaboration with groups in the United States and United
Kingdom to create an “Energy Kernel System” consisting
of an extensive library of software modules and an
executive program that will allow users to produce a wide
variety of customized simulation programs. In FY 1988,
LBL continued development of the Simulation Problem
Analysis Kernel (SPANK) as the first prototype of the
Energy Kernel System.

The Building Systems Analysis Group continued
investigating the performance impacts of energy
technologies in nonresidential buildings. As part of a
bilateral research agreement, a simplified technique for
evaluating long-term energy performance of daylit
buildings (based on short-term monitored data) was
applied to buildings in the United Kingdom. The
technique has proven to be useful, and its continued
application and  refinement—focusing on  energy
performance of atria spaces—are being undertaken as part
of U.S. contributions to an International Energy Agency
(IEA) collaboration.

In collaboration with the IEA Task XI work on passive
commercial buildings, we have begun to investigate the
daylighting, heating, cooling, and functional effects of atria
in large buildings, including the resulting comfort
conditions. We have developed new simulation tools to
evaluate atrium effects.

A project was initiated to develop a methodology for
sizing thermal energy storage (TES), used in cooling
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systems of nonresidential buildings. Simulations were
carried out for two prototypical buildings in three diverse
climates in order to identify the climate, design, and
operating variables that are significant in determining

cool-storage-capacity requirements (and that therefore
must be accounted for in the sizing methodology).
Existing calculation techniques were found to be

acceptable for use in TES sizing from a mathematical
perspective, but accepted applications practice must be
modified in order to avoid undersizing the system (with
resultant loss of cooling).

Development of a computerized tool for evaluation of
the energy consumption impacts of retrofit measures in
institutional buildings was initiated. This project was
motivated by an evaluation of the DOE Institutional
Conservation Program completed during the previous
year. The evaluation indicated that estimates of energy
savings due to retrofits based on monitored data are often
at least partially masked by changes in energy use caused
by retrofit-independent alterations in the functional or
operational environment of the building. The tool being
developed allows estimates of energy savings to be
corrected for these additional changes, thereby improving
the quality of retrofit evaluations.

Several small projects—new-building and retrofit
studies—have been carried out for the U.S. Army Corps of
Engineers, Construction Engineering Research Laboratory,
examining the energy performance of Department of
Defense (DOD) facilities. Most notably, simulations
compared the energy performance effectiveness of existing
DOD building design standards with new federal
standards developed by the Department of Energy. For
most of the building and climate combinations examined,
the existing standards proved to be at least as stringent as
those now being promulgated.

The Absorption Heat Pump Project continued
research on regenerative absorption heat pumps for high-
efficiency solar-driven and gas-driven systems for cooling
and heating. As part of a joint U.S./Israel effort,
computer models are being developed to enable the
detailed analysis and design of these and other new types
of advanced absorption heat pumps. These models were
used during FY 1988 to simulate the performance of three
specific types of high-efficiency absorption cycles, for a
wide range of configurations and operating conditions. In
addition, an initial cost estimate was made for one of the
heat pumps.



Building Systems Analysis*

R.C. Kammerud, B. Andersson, B. Birdsall, W.L. Carroll,
D. Dumortier, B. Hatfield, R.]. Hitchcock, ]. Eto, F. Winkel-
mann, and E. Vine

ATRIUM RESEARCH RELATED TO
INTERNATIONAL AGREEMENTS

In FY 1987, LBL developed a strong collaborative
arrangement as part of the US/UK Bilateral Agreement to
use a monitored British building to test a daylighting
evaluation method. Because the United States is doing far
less monitoring of commercial buildings than are several
European countries, this relationship with LBL atrium
research is being continued and extended to the broader-
based International Energy Agency Task XI on Solar Com-
mercial Buildings.

The United States committed LBL to a limited role in
IEA Task XI, as Leader of Subtask B (Simulation) and
active member of the Task’s Atrium Working Group. LBL
is also continuing to work with the UK, both within the
Bilateral Agreement and as part of the IEA Atrium Group.

The atrium work completed in FY 1988 focused on
developing tools that can be used to better evaluate the
critical issues in atria, namely the interplay of daylighting
and thermal-energy conservation techniques, as well as
the resultant comfort levels in the atrium. Several build-
ings were evaluated for possible inclusion in the LBL
atrium simulation plans.

As Subtask Leader, LBL provided considerable assis-
tance to the IEA Task by coordinating simulations and by
providing weather data, software, and expertise to
members of the Atrium Working Group and other partici-
pants in the Task. LBL has also acted as a conduit for sig-
nificant information exchange between U.S. and European
researchers.

Two key buildings were selected for detailed atrium
simulations, one in Norway and the other in the UK.
Data on the construction and monitoring of these build-
ings will be provided to LBL as a basis for the simulation
studies. Three additional buildings were identified for
further testing of the daylighting evaluation method, two
in the UK and one in Sweden.

Initial building simulation models will be established
for each of the atrium buildings. The results from these
simulations will be compared to data provided from the
building monitoring, and modifications will be made to
the input descriptions until the model provides an accurate
representation of the actual building results. Site visits

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of State and Local Assistance Programs, Institu-
tional Conservation Program Division, the Office of Solar Heat Technolo-
gies, Solar Buildings Technology Division, and the Office of Buildings and
Community Systems, Building Systems Division of the U.S. Department of
Energy; and by the Electric Power Research Institute and the United States
Army Construction Engineering Research Laboratory through the Depart-
ment of Energy, under Contract No. DE-AC03-76SF00098.

Figure 1. Gateway 2 Office Block, Oxford: UK/US Atrium
Case Study. (XBB 8812-11756)

will be made to both buildings in March in order to clear
up any remaining discrepancies.

Simulations will test the sensitivity of atrium energy
use to glazing modifications, ventilation, daylighting
effects, HVAC integration options, and controls and build-
ing operation. Resulting comfort conditions in the atria
will be evaluated to determine the potential functionality
of atria under different energy scenarios.

LBL will act as consultant and provide support as
needed to the British and Swedish researchers applying
the daylighting evaluation method (DPEM) to their build-
ings.

THERMAL ENERGY STORAGE SYSTEM SIZING

The use of cool storage to provide air conditioning in
commercial buildings is becoming a widely accepted load
management technique. Electric utilities are providing
favorable off-peak rates to encourage shifting the air con-
ditioning load away from peak periods. Utilities benefit
by deferring addition of new generation capacity and by
making better use of efficient base load plants; the custo-
mers benefit by having lower electricity bills.



Although some storage systems have been undersized,
most are believed to have been oversized, detracting from
their economic effectiveness. This is difficult to confirm or
refute because the existing literature on sizing procedures
and performance does not allow the effectiveness of
installed systems to be assessed as it relates to sizing. Our
project was undertaken to 1) identify the major problems
with sizing cool storage systems, 2) develop a preliminary
sizing methodology, and 3) identify long-term research
issues relating to thermal energy storage in buildings, and
4) develop a plan for addressing these issues.

Sizing methods used for conventional cooling systems
are not directly applicable to thermal energy storage sys-
tems which operate on a diurnal (or possibly longer) cycle.
For conventional cooling systems, equipment size is deter-
mined by the peak rate of extraction of thermal energy
from the air stream at the cooling coil, accounting for
coincident supply air requirements for all zones in the
building. In contrast, sizing of cooling systems using ther-
mal energy storage must be based on estimates of peak
extraction requirements for all zones integrated over the
operating cycle; design sizing must be based on the hour-
by-hour coil load profile.

In our study, these coil load profiles were calculated
for prototypical buildings using DOE-2. Simulations
examined hourly and daily cooling capacity requirements
during the cooling season for a 20,000-square-foot,
single-story office building and for a 160,000-square-foot,
two-story building serving only retail sales functions. The
buildings were simulated for Miami (Florida), Dallas/Fort
Worth (Texas), and Chicago (Illinois) climates using TMY
weather data. These building types and climates were
selected because they represent relative extremes, effec-
tively bounding the range of storage sizing issues of
importance. Analyses did not include simulation of any
specific storage system; instead, buildings were simulated
with a conventional cooling system; daily coil energy
requirements were interpreted as the total capacity that
must be available from the cooling system. This energy
may be supplied by a combination of storage and chiller
(partial storage or demand-limiting strategy) or by the
storage system alone (full-storage strategy). Peak daily
coil-energy requirements define the necessary storage
capacity.

Based on these simulations, we concluded that the
peak integrated load occurs during multi-day periods of
severe weather. These periods typically do not include
the most severe day or hour in a particular climate; for
this reason, traditionally accepted descriptions of peak cli-
mate characteristics are inadequate.

We found that much of the integrated coil load at
peak consists of energy accumulated during periods when
the building is not cooled and is allowed to reach space
temperatures above the design temperature. Under these
conditions, energy is stored in building materials and fur-
nishings that must be removed by the cooling system in
order to satisfy comfort requirements during the subse-
quent occupied period. The magnitude of the stored
energy at peak depends on the length of the uncooled
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period and of the severe climate period, and on a host of
building design parameters relating to thermal capacity
and climatic interactions. The magnitude of the peak is
also substantially influenced by internal gains and climate
interactions considered in sizing calculations for conven-
tional systems.

The only sizing calculations believed to account ade-
quately for the full range of variables that affect peak
integrated loads are hourly simulations; this is the sizing
procedure recommended here. Guidelines have been
documented in order to ensure that the simulation pro-
vides a technically sound estimate of peak integrated loads
on which to base the storage capacity calculation. Of par-
ticular importance, these guidelines ensure that the simula-
tion effectively approximates the heat removal characteris-
tics of a storage system. It is believed that this is a major
source of error in sizing TES systems.

We have also considered the appropriateness of other
sizing calculation techniques, most notably the simplified
method currently recommended by ASHRAE and widely
used in design of conventional systems. This method,
based on cooling-load factors (CLFs) and on cooling-load
temperature differences (CLTDs), can provide reliable esti-
mates of peak integrated coil loads if three refinements are
made: first, the CLFs and CLTDs must be refined to pro-
vide an improved estimate of the underlying coil load
under steady periodic climate and operating conditions;
second, a method must be developed for superposing that
portion of the coil load that is due to deviations in build-
ing operating schedule from the steady periodic assump-
tions. A preliminary suggestion in this regard has been
investigated as part of this project; third, a representation
of peak climate conditions that reflects multi-day climate
severity must be developed. Preliminary suggestions in
these regards have been made.

ICP RETROFIT ENERGY SAVINGS ESTIMATION
MODEL (RESEM)

To improve the quality of aggregate estimates,
Lawrence Berkeley Laboratory is developing a building-
specific Retrofit Energy Savings Estimation Model
(RESEM) for the DOE Institutional Conservation Program
(ICP). RESEM is a user-friendly tool that will allow state
and regional ICP staff to use readily available information
for reliably determining the energy and cost savings
directly caused by ICP-supported retrofits for a single
building. [For maximum accuracy and validity, pre- and
post-retrofit energy use (and thus savings) must be directly
based on utility billing data.| In FY 1988, we developed
design and performance criteria for RESEM, developing
methodologies that could not be acquired elsewhere, and
began software implementation of the tool.

Technical Capabilities and Methods

RESEM is sophisticated enough in its energy modeling
to reflect explicitly the influence of a wide range of design,
operation, and weather parameters, as well as the full
range of actual building designs and specifications actually



encountered in ICP. The model also interacts with the full
range of Energy Conservation Measures (ECMs) allowed
under the ICP program.

The engineering model used in RESEM is based on
existing public domain methods and algorithms in order to
minimize validation efforts and to provide a credible fin-
ished model. Building energy consumption is broken
down into components of fuel type and end use. This
breakdown is key to both the billing-data reconciliation
process and the allocation of savings to specific ECMs.

The basic premise of the energy model calibration is
that a building’s actual utility billing history is the most
reliable starting point for determining “real” savings
resulting from ECM installation. RESEM uses a specially
developed method to accomplish this reconciliation, yield-
ing a ’“calibrated” modification of the building input
description (thereby reproducing actual billed consump-
tion). Reconciliation is done for pre- and post-retrofit
building configurations.

RESEM uses a specially developed allocation method
for estimating the effects of each ECM in producing the
total observed energy savings. To the degree allowed by
the energy simulation model, this method takes into
account the interactive effects that occur when multiple
ECM are installed simultaneously.

Other Features

RESEM is designed to run on currently available,
“upper-end” PCs and workstations, decentralizing ECM
savings analyses to state and regional levels. RESEM runs
fast enough that the session time for an interactive
analysis consists mostly of the time the user needs to col-
lect, organize, and input data.

RESEM is a self-contained and complete software
package that needs no additional software routines for
operation. The model contains all supporting information
necessary for a building analysis except specific user-
provided information about the building being analyzed;
general supporting information such as weather, fuel costs,
and defaults are available directly to the user from a
comprehensive data base built into RESEM. RESEM has
an easy-to-use interface, providing real-time diagnostic
messages to help users recover from input errors, com-
mand syntax errors or ambiguities; real-time status mes-
sages to keep users informed at all times about the pro-
gress of the analysis; and an online help feature that pro-
vides context-dependent information based on menu and
analysis status when the help request is made. This
feature makes written documentation largely unnecessary.

Although only a minimum of information specific to a
given building need be input, RESEM can provide a
detailed description of any or all aspects of the building
when detail is necessary for the most accurate estimates of
ECM savings. At any level of input detail the interface
shows wusers explicitly what input parameters are
defaulted, what the default values are, and allows users to
selectively alter these defaults for the analysis.

RESEM knows all 74 ECM types recognized in the
ICP program, and codified in the Grant Tracking System
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(GTS). Input screens for each ECM type allow a detailed
description of the ECM, accurately reflecting design
changes to a retrofitted building.

Users can automatically generate verification sum-
maries of all inputs; analysis status during the analysis
process; and analysis results including pre-and post-retrofit
energy use broken out by end-use and fuel type, retrofit
savings for each ECM, and economic measures of ECM
performance. Future RESEM development will provide a
““Performance Profile”” of the building energy consumption
and savings (comparing these to average data for an entire
class of similar buildings) and an aggregation capability
that will allow for total savings realized over a given
period in various geographical regions and subregions,
building types, and retrofit types.

CORPS OF ENGINEERS’ EFFICIENT BUILDINGS

The U.S. military has significantly reduced energy
consumption in the past ten years through increasingly
stringent energy use standards. DOD standards are a
straightforward performance standard, whereas the new
DOE energy standards applying to all federal (including
military) buildings are both prescriptive and performance
standards. The Army Corps of Engineers would prefer to
retain DOD standards because they are familiar, easier to
apply, and the Corps believes the DOD standards are
more stringent than the new DOE standards. The Corps
asked LBL to establish whether the DOD standards exceed
those of DOE. If so, compliance with the DOD standards
would simultaneously meet DOE standards.

Six standard buildings were compared (barracks, bat-
talion HQ, chapel, child care center, warehouse, and
maintenance facility), developing a reference building for
each according to the DOE procedure. This required appli-
cation of prescriptive DOE standards to a building of the

BLAST PROTOTYPE FOR
THE BARRACKS BUILDING

Figure 2. Detailed Zoning for Simulation of Standard Bar-
racks. (XBL 8812-4339)



same type, size, and height as the building under investi-
gation. A BLAST simulation was then run to calculate an
energy budget which DOE would allow for that building.
This budget was then compared to the DOD energy
budget. This was done for six climate regions.

For three of the buildings, the DOD standards always
implied compliance with the analogous DOE standards.
For two other buildings, the DOE standards were slightly
better in only two climates. For the remaining building—
the child care center—DOE standards required consider-
ably lower energy use in several climates.

We plan to examine more closely the two buildings
that have marginal differences in the standards to deter-
mine whether these differences are within the range of
uncertainty of DOE procedures and therefore effectively
equivalent. The child care (school) building type will be
investigated to determine whether the DOD standards
must be improved or whether the DOE standards for
schools are unrealistic.

Other work will include a life-cycle cost analysis of
two building types to determine optimum insulation lev-
els. A set of BLAST input “templates” will be prepared
for typical DOE building types to make application of the
DOE standards easier for those using BLAST for federal
buildings or for other buildings to which DOE standards

might apply.

Absorption Heat Pumps*

M. Wahlig, ]. Rasson, and M. Warren

Research has continued on development of high-
efficiency thermally driven chillers and heat pumps that
use regenerative absorption cycles. Constant-temperature
(instead of constant-pressure) input and output conditions
allow regenerative cycles to achieve higher efficiencies
than do most (or all) other classes of absorption cooling
cycles.

In previous years, simplified calculational methods
predicted that a double-effect regenerative (2R)
absorption-cycle chiller would operate at about 55%—and
a single-effect regenerative (1R) absorption chiller at about
70%—of the ideal Carnot coefficient of performance
(COP). Because these cycles are well suited to variable
input temperatures between 180 and 280°F, they were
explored with solar cooling applications in mind. A 2R
chiller was built and tested, and it attained the predicted
performance.

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Solar Heat Technologies, Solar Buildings
Technology Division of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098; the Department of Engineering Research, Pacific Gas
and Electric Company under Contract No. Z19-5-269-87; and the Oak
Ridge National Laboratory under Contract No. 10X-SB315V.
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Previous work had also identified a gas-driven regen-
erative cycle configuration, called an absorber-coupled
double-effect regenerative (ADR) cycle, that could attain a
higher efficiency than the 1R cycle by taking advantage of
the high, constant temperature of a gas source.

During FY 1988, we continued development of simu-
lation models that would enable calculation of the perfor-
mance of high-efficiency absorption-cycle chillers and heat
pumps that use ammonia-water as the working fluid pair
(work supported by the DOE/Solar Buildings Program as
part of a joint U.S./Israel project). We also calculated the
detailed performance of a 1R-cycle heat pump over a full
range of operating conditions (work supported by the
DOE/Buildings Conservation Program, through the Oak
Ridge National Laboratory). In addition, we calculated the
performance and made an initial estimate of the manufac-
turing cost of an ADR heat pump (work supported by the
Pacific Gas and Electric Company (PG&E) and the Gas
Research Institute through PG&E).

The public-domain chemical process flowsheet simula-
tor ASPEN (Advanced System for Process Engineering),
selected as the basic tool for modeling the absorption
cycles, had been successfully adapted to simulate the 2R
cycle. In FY 1988, ASPEN was further modified to simu-
late the more complex IR cycle. Convergence problems
(in initial attempts to model certain 1R components) were
overcome, and the full 1R cycle was simulated success-
fully.

An in-house, LBL-developed simulation technique
(HPSIM) had been developed during FY 1987 to simulate
absorption cycles. Although not as comprehensive as
ASPEN in its computational ability, HPSIM uses far less
computer storage capacity and run time. HPSIM uses a
combined simultaneous equation-iterative solution method,
using the solver HYBRID. In FY 1988, after the modifica-
tion of ASPEN for modeling the 1R cycle was completed,
the 1R performance predictions of the ASPEN and HPSIM
models were found to agree within +2%.

The HPSIM model was then used to calculate the per-
formance of the 1R cycle for different configurations and
operating conditions. In particular, the number of pres-
sure steps in the 1R cycle could be reduced from seven to
four with a decrease of only about 4% in the cooling
COP. Further reduction to three pressure steps reduced
the COP another 10%. These results showed that a sub-
stantial reduction in cycle complexity (and therefore in
manufacturing cost and operating reliability) is possible
with only a small decrease in cycle efficiency. The four-
pressure-step 1R cycle was calculated to operate at about
65% of the Carnot COP over the full operating range.

The design of the ADR-cycle heat pump was modified
to simplify considerably its manufacture and reduce its
cost, only modestly reducing its efficiency. Because the
ADR cycle uses a higher input temperature than does the
IR cycle, the efficiency of the ADR cycle is expected to be
less sensitive to the number of pressure steps. This was
confirmed in simulations of ADR cycle performance using
the HPSIM model. Reduction from seven to three pres-
sure steps resulted in a negligible decrease in the cooling
COP over the full range of operating conditions. A



further reduction to two pressure steps produced a COP
reduction of 10-15%.

We then calculated the expected performance of a
three-pressure-step ADR heat pump for a full range of
cooling-mode and heating-mode operating conditions. At
standard ARI rating conditions, the cooling-cycle COP is
about 1.69 using water-cooled operation and about 1.35
using air-cooled operation. The heating-cycle COP is
about 2.13 at 47°F outdoor temperature, and about 1.66 at
17°F outdoor temperature. These are cycle COP values
and do not include combustion efficiency or parasitic elec-
tric power for the pumps or fans.

A “first-cut” manufacturing cost study was conducted
by Pioneer Engineering and Manufacturing Company for a
four-pressure-step ADR heat pump. Detailed cost esti-
mates were made for the new heat exchangers unique to
the ADR heat pump design, and existing cost estimates
were used for components common to other heat pumps
operating at the same pressures and using ammonia as the
refrigerant. A rough estimate for the solution pump cost
was based on available information, resulting in an
estimated total manufacturing cost of about $1550 for a
3-ton ADR heat pump. A similar cost study for a three-
pressure-step design would be expected to result in a
slightly lower cost. Iteration in design detail could also
have a substantial effect on reducing manufacturing cost.

A primary objective of the joint U.S./Israel project
being conducted by the Technion and LBL is to develop a
simulation model suitable for all types of absorption
chiller and heat pump cycles. Initial attention is being
focused on the generator-absorber heat exchange (GAX)
cycle because it is likely to be the first advanced absorp-
tion cycle to be available commercially and is therefore a
candidate for being driven by evacuated-tube solar collec-
tors that can operate efficiently up to 400°F.

Accordingly, the Technion and LBL are using separate
calculations of GAX cycle performance as a measure of
agreement between the various computer models for
absorption cycles. The intention is to combine the best
solution methods into a single computer model, which will
most likely be an improved version of the user-friendly
model originated by the Technion group. The GAX cycle
was successfully simulated at LBL using HPSIM, and
intercomparisons of LBL and Technion results of GAX
cycle simulations—as well as resolution of any differences
that may occur using different models—are expected to
take place during FY 1989.
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Simulation Research*

F.C. Winkelmann, B.E. Birdsall, W.F. Buhl, K.L. Ellington,
A.E. Erdem, ].M. Nataf, and E.F. Sowell

The Simulation Research Group (SRG) has the long-
term objective of providing the architectural, engineering,
and research communities with software tools to assist in
the design of energy-efficient, cost-effective buildings.
The ongoing research of the SRG has two main focuses: 1)
to develop and maintain the current-generation benchmark
program (DOE-2), and 2) to develop the next generation
of building performance calculation tools (the Energy Ker-
nel System).

DOE-2 is a public-domain computer program which,
given a description of a building’s climate, architecture,
materials, operating schedules, and HVAC equipment, per-
forms an hour-by-hour simulation of the building’s
expected energy use and energy cost. DOE-2 is widely
used in the United States and 35 other countries to design
energy-efficient buildings, analyze the impact of new tech-
nologies, and to develop energy conservation standards.
Details of the development and structure of the DOE-2
program are available.!™!!

The Energy Kernel System will provide basic tools
and information to allow SRG and other groups to
develop future simulation programs. It will also provide a
mechanism for exchanging research results and technology
advances, and a basis for integrating performance simula-
tion into computer aided design (CAD) and expert system
software.

DOE-2

SRG maintains a research effort to develop enhanced
versions of DOE-2. This ongoing research is divided into
three parts: 1) introduction of algorithm description tech-
niques into the code; 2) modeling of building envelope
components and systems; and 3) simulation of HVAC
equipment and associated control systems. The next ver-
sion of the program, DOE-2.1D, is scheduled for public
release in FY 1989. Several major new features follow:

User-Defined Functions. A new FUNCTION com-
mand added to the DOE-2 SYSTEMS program permits
modification, enhancement, or replacement of DOE-2 cal-
culations without recompiling the program. Users write

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building
Systems Division of the U.S. Dept. of Energy under Contract No. DE-
AC03-76SF00098.

1Visiting scientist. Permanent address: Department of Computer Science,
California State University at Fullerton, Fullerton, California.



their own algorithms in a FORTRAN-like language and
place this information in their input, along with informa-
tion indicating how and where the new algorithms are to
be used. This feature allows researchers to add new
HVAC simulation features, such as innovative control
schemes, that could not be modeled by the regular DOE-2
calculations.

Generalized Library. A new library feature allows
DOE-2 users to create custom libraries containing descrip-
tions of any building component or system of components.
Libraries may be defined to contain such data as room
geometry, standard operating schedules, or frequently used
HVAC system descriptions. This feature will greatly sim-
plify input preparation.

Improved Fenestration Calculation. Because heat gain
and loss through windows greatly affects the energy perfor-
mance of most buildings, DOE-2 window thermal calcula-
tions are being improved to calculate automatically the
shading of diffuse solar radiation by neighboring buildings
and by architectural elements such as overhangs (previ-
ously only the shading of direct solar radiation was calcu-
lated); to more accurately calculate skyward infrared radia-
tion loss from the building envelope, taking into account
atmospheric conditions and architectural obstructions; and
to more accurately calculate the amount of sky diffuse
radiation falling on windows and walls.

Desiccant Cooling. In most climates, occupant com-
fort during warmer months requires that room air be
dehumidified. Several companies are developing desiccant
cooling systems in which a hygroscopic material such as
lithium bromide removes moisture from the supply air
stream. The desiccant is “regenerated” for further use by
drying it with hot air from a gas-fired heater. Gas-fired
desiccant systems of this type can replace or supplement
conventional electric-driven cooling systems; however,
almost nothing is known about the economics of desiccant
systems for different climates, building types, and utility
rate structures. For this reason, SRG (with funding from
the Gas Research Institute via the GARD Division of the
Chamberlain Manufacturing Corporation) is creating
DOE-2 models to simulate the performance of a variety of
desiccant systems currently under development. GRI will
use these DOE-2 models to identify the most cost-effective
desiccant cooling schemes.

Advanced Simulation

In recent years, the search for more efficient building
designs has led to components, systems, and whole build-
ing structures which are extremely complex and therefore
difficult to analyze. Because existing programs like DOE-2
were initially conceived in an era when design questions
were much simpler than they are today, the analytic capa-
bilities of these programs are fundamentally limited. Gen-
eralized, computationally efficient, easily extendible tech-
niques are needed to accurately simulate the interactions’
between building-envelope components and HVAC equip-
ment. Analysis of complex designs and advanced techno-
logies requires substantially improved building perfor-

mance simulation programs. To continue to meet DOE’s
long-term objective of providing up-to-date and reliable
analysis tools, basic research has begun into new simula-
tion techniques. This work will lead to replacement of
DOE-2 with a tool designed to meet the needs of archi-
tects and engineers in the 1990’s.

An international collaborative effort between SRG and
research groups in the U.K. has been initiated to produce
the new software. This effort will provide not only a sig-
nificant advance in building performance simulation but
also a mechanism for communicating and exchanging
results among diverse communities of designers and
researchers.

Within the general and structure of the
advanced simulation software, the primary goal is to
provide a software environment (the Energy Kernel Sys-
tem or EKS) for developing new simulation programs.
This environment would allow a high level of model con-
struction flexibility and facilitate state-of-the-art integra-
tion of new techniques with old. Other goals are to permit
different modeling approaches, to encourage collaboration
among model developers, and to take advantage of emerg-
ing software engineering in the area of multiprocessing.

The EKS (Figure) will consist of 1) a library of
software modules or objects representing different building
components, physical processes, and mathematical solution
techniques, and 2) an executive program or harness which
allows users to link software objects to form customized
energy models. The EKS user will first construct a tem-
plate which defines a model as a collection of objects and a
set of messages controlling the order of execution of the
objects and the flow of information among them. The
template is used by the harness to construct the final pro-
gram in the form of source (or executable) code.

The EKS is designed for use by model developers, not
by model users. It is intended to be an efficient way of
creating simulation models that can be used in a stand-
alone fashion or for integration into multipurpose environ-
ments such as computer-aided design (CAD) systems,
expert systems, or energy management systems.

SPANK: A Prototype Energy Kernel System. In FY
1986 the SRG began developing new software called the
Simulation Problem ANalysis Kernel (SPANK) as a first
prototype of the EKS.'®!7 SPANK views a simulation
problem as a network — the nodes represent nonlinear
equations, and the lines linking the nodes (called links or
arcs) represent variables in the equations. The network
representation of a simulation problem is completely
equivalent to describing the problem as a set of simultane-
ous, nonlinear algebraic and differential equations. The
network representation allows use of graph theory tech-

goals
12-15

. niques to reduce the size of the problem to be solved.

A simulation problem in SPANK consists of a set of
coupled equations. Each equation or relation among vari-
ables is known as a primitive object. Primitive objects
may be combined into macro objects, and primitive and
macro objects can be combined into more complex macro
objects. Thus modules (sets of equations) which represent
complicated physical processes or entities can be built up
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Figure 1: Proposed Energy Kernel System for creating building energy simulation models. (XBL 8712-5767)

from simple components. After the necessary objects (sim-

ple or complex) are defined, the problem description is

completed by “linking” the objects together, i.e., by speci-
fying the variables common to given equations.

Users need only define the simulation problem and
do not need to choose a computation sequence (e.g., write
a procedural algorithm in FORTRAN or other language) to
solve the set of equations.

SPANK creates the solution sequence in two steps.
First, a particular relationship (equation) is selected for
each variable and inverted to give a formula for that vari-
able. After the matching is accomplished, the second step
is to find a set of break variables—a cut set. that become
the iteration variables in the solution sequence. (Initial
values are guessed and then used to solve for all the vari-
ables using the set of relationships. This procedure yields
new values for the cut set variables. A scheme such as
Newton-Raphson iteration is then used for choosing the
next guess for the cut set.)

When faced with solving a system of nonlinear equa-
tions, most simulation programs simply iterate on all the
variable, i.e., the cut set includes all variables in the prob-
lem. One of SPANK’s major contributions is to use graph
theory methods to reduce the cut size greatly and thus
effectively reduce the problem size.

In FY 1988, object-oriented techniques were
developed to allow SPANK to simulate time-dependent
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processes by integrating first-order differential equations.'®

In FY 1988, we will continue to maintain and support
the DOE-2 program and to publish the quarterly DOE-2
User News. An improved version of the program, DOE-
2.1D, will be completed and released to the public.

The SPANK program will be released for outside
review after in-house testing of new SPANK features,
including a graphics-based input processor, dynamic simu-
lation, and symbolic manipulation of objects. Detailed
specifications for the EKS will be developed.
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WINDOWS AND LIGHTING PROGRAM

INTRODUCTION

Over 30% of all energy used in buildings is
attributable to two elements: windows and lighting.
Together they account for annual consumer expenditures
of over $50 billion. Each affects not only energy use by
other major building systems but also comfort and
productivity, factors that have a far greater influence on
building economics than direct energy consumption alone.
Windows play a unique role in the building envelope,
physically separating the conditioned space from the
world outside without sacrificing vital visual contact.
Lighting systems facilitate a variety of tasks with a wide
range of visual difficulty throughout the indoor
environment while defining the luminous qualities of the
indoor environment. These two building elements are
thus essential components of any comprehensive building
science program.

Despite important achievements in reducing building
energy consumption over the past decade, significant
additional savings are still possible. These will come from
two complementary strategies: 1) better building designs
that effectively apply existing technology and extend
market penetration, and 2) new advanced technologies to
increase the savings potential of each application. Both
the Windows and Daylighting Group and the Lighting
Systems Research Group have made substantial
contributions in each of these areas. The ongoing research
described in the annual summary aims to further advance
achievement of these goals.

The Windows and Daylighting Group focuses on
developing the technical basis for understanding and
improving the energy-related performance of windows. If
the flow of heat and light through windows and skylights
can be properly filtered and controlled, these building
elements can outperform any insulated wall or roof
component and provide net energy benefits to the
building. The group’s investigations are designed to
develop the capability to accurately predict net
fenestration performance in residential and commercial
buildings. Simulation studies, field measurements in a
mobile field test facility, and building monitoring studies
help us to wunderstand the complex tradeoffs in
fenestration performance. The research program is
conducted with the participation and support of industry,
utilities, universities, design professionals, and
government. The Group’s three major project areas are
optical materials, fenestration performance, and building
applications and design tools.

In our studies of optical materials and advanced
concepts, we develop and characterize thin-film coatings
and other new optical materials that control radiant and
thermal flows through glazings. Innovative concepts for
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large-area envelope enclosures are studied. The program
helped accelerate the development and market
introduction of windows incorporating high-transmittance,
low-emittance (low-E) coatings for R3-R5 windows. If
sales follow current trends, by the year 2000 these
coatings will save consumers over $3 billion annually in
heating bills alone.

Our research on window performance aims to develop
new analytical models and experimental procedures to
predict the thermal and solar-optical properties of the
complex assemblies of glazing materials and shading
devices that compose complete fenestration systems.
Thermal performance models are being validated with the
Mobile Window Thermal Test (MoWiTT) Facility, now
collecting data at a field test site in Reno, Nevada. This
unique facility combines the accuracy and control of lab
testing with the realism and complexity of dynamic
climatic effects. LBL daylighting studies employ a unique
24-foot-diameter sky simulator (for testing scale models
under carefully controlled conditions), and new
experimental facilities for measuring the photometric and
radiometric properties of complex fenestration systems.

Building applications studies and design tools help us
to understand the complex tradeoffs in fenestration
performance as a function of building type and climate.
In nonresidential buildings, major reductions in electric
energy use and peak electric demand can be achieved if
the tradeoffs between daylight savings and solar-induced
cooling loads are understood. We are developing concepts
for an Advanced Envelope Design Tool using new
imaging techniques and expert systems.

The research of the Lighting Systems Group is
divided into three major areas: advanced light sources,
building applications, and impacts on productivity and
health.

Our research on advanced light sources is concerned
primarily with developing new technical concepts for
efficiently converting electrical energy into visible light.
Areas of interest include mechanisms for reducing
ultraviolet self-absorption in gas-discharge lamps and
excitation of the lamp plasma by radio frequency (RF)
electromagnetic fields. Both areas promise more efficient
conversion of electrical energy into visible light, and
possibly much longer lamp life.

Our building applications research concentrates on
design of lighting systems, effective use of lighting
controls, and how these factors interact with a building’s
HVAC system.

Research in visibility concentrates primarily on
gaining basic information needed to define lighting
conditions that enhance productivity in a cost-effective



manner. We also seek to determine any possible
undesirable visual effects such as visual fatigue, related to
glare and lighting, especially as these events affect the
automated workplace.

Our studies of health impacts extend electric lighting
research to a wider class of human activities. In a
specially designed experimental room, lighting conditions
are controlled and human responses are measured
objectively by sensitive instrumentation.

The Lighting Group’s successes include advancing the
development of high-frequency solid-state ballasts for
fluorescent lamps and the invention of a new high-
frequency surface wave lamp with 30% better efficiency
than the common fluorescent lamp. A 2-year test of
solid-state ballasts in a large office building showed an
electricity savings of 40%. Scaled to the entire country,
this represents an annual savings of $5 billion. The
energy-efficient surface wave lamp promises major
reductions in energy use with considerably longer lamp
life.

Windows and Daylighting*

S.E. Selkowitz, D. Arasteh, C. Benton, D.L. DiBartolomeo,
R.L. Johnson, J.J. Kim, ].H. Klems, C.M. Lampert,
K. Papamichael, M.D. Rubin, R. Sullivan, and G.M. Wilde

Approximately 20% of annual energy consumption in
the United States is for space conditioning of residential
and commercial buildings. About 25% of this amount is
required to offset heat loss and gain through windows. In
other words, 5% of U.S. energy consumption—the
equivalent of 1.7 million barrels of oil per day—is tied to
the performance of windows. Fenestration performance
also directly affects peak electrical demand in buildings,
sizing of the heating, ventilating, and air-conditioning
(HVAC) system, and the thermal and visual comfort of
building occupants, as well as their health and produc-
tivity.

With more intelligent use of existing technology and
with development of new high-performance window
materials, windows can be converted from energy liabili-
ties to energy benefits. The aim of the Windows and Day-
lighting Group is to develop the tools and technologies to
accomplish this goal. Research is required to develop the
new technologies and capabilities to predict and improve
the thermal, energy, and daylighting performance of win-
dows and skylights. The group’s work helps generate
guidelines for design and retrofit strategies in residential
and commercial buildings and contributes to development
of advanced computer-based tools for building design.

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Buildings and Community Systems, Building
Systems Division, and Office of Solar Heat Technologies, Solar Buildings
Division, of the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098.
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Our program’s strength lies in its breadth and depth:
we examine energy-related aspects of windows at the
atomic and molecular level in our materials science stu-
dies, and at the other extreme we perform field tests and
in situ experiments in large buildings. We have
developed, validated, and now use a unique, powerful set
of computational tools and experimental facilities. Our
scientists, engineers, and architects work in collaboration
with researchers in industry and academia.

To be useful, the technical data developed by our pro-
gram must be communicated to design professionals,
industry, and others in the public and private realms. We
publish our results and participate in industrial, profes-
sional, and scientific meetings and societies, national and
international, to ensure that our research results are widely
disseminated and utilized.

Our research is organized into three major areas:

. Optical Materials and Advanced Concepts
. Fenestration Performance
—Thermal analysis
—Daylighting analysis
—TField measurement of performance
. Building Applications and Design Tools
—Nonresidential buildings
—Residential buildings
—Design tools

OPTICAL MATERIALS

Significant reductions in energy consumption of build-
ings will come not only from better building design, but
also from the development and introduction of new glaz-
ing materials. Since the inception of our program in 1976,
we have worked to identify, characterize and develop
promising new optical materials to assist industry with
developing the next generation of advanced fenestration
systems. We also provide scientific coordination for
DOE-funded research projects at universities, private-
sector firms, and other national laboratories, and work to
transfer our research results to the private sector.

In 1976, we made the development of low-emittance
(low-E) coatings a major program objective, and our
DOE-supported research subsequently accelerated market
introduction of high-performance low-E window systems.
Several small firms began offering commercial products in
1982, and by 1985 most of the largest glass and window
manufacturers offered low-E products. Incorporating low-
E coatings into conventional double-glazed windows pro-
duces a lighter, more compact unit with better thermal
performance than triple-glazed windows. Ultimately win-
dows using this coating technology could have heat
transfer values as low as those of insulating walls, and
save more energy annually than the best-insulated wall.

DURABLE LOW-EMITTANCE COATINGS

The objective of this project is to develop a second-
generation low-E coating with high transmission and clar-
ity that will last for the lifetime of a window. Among
low-E coatings made today, those based on sputtered



silver have the best optical properties and lowest emis-
sivity. Silver, however, is a soft metal and is subject to
agglomeration and loss of optical quality. We began by
studying titanium nitride, a material that combines optical
properties similar to those of a noble metal with the
mechanical and chemical durability of a ceramic. Using
advanced deposition techniques and multilayer design, we
were able to produce coatings with properties exceeding
those of the best commercial coatings. This year we
began investigating diamond-like films for use as protec-
tive and antireflection layers for metallic low-E coatings.
The first task was to deposit diamond-like films using
standard industrial sputtering technology. These films
tend to have low transmittance in the visible spectrum; we
were able to increase transmittance by varying the deposi-
tion parameters. Figure 1 shows the beneficial effect of
reducing sputtering power on the transmittance of
diamond-like films. Next year we will continue to optim-
ize the optical properties of diamond-like coatings on
silver and test their durability in collaboration with indus-
trial partners.

LOW-CONDUCTANCE GLAZINGS

With the commercial success of R3-R4 windows incor-
porating coatings and gas-filled insulated glass (IG) units,
the next major challenge lies in increasing the R-value of
windows’ center-of-glass, edge-of-glass, and frame areas.
In FY 88 we continued to develop our concept for a high-
R window that can be manufactured using existing indus-
trial production facilities. This high-R window is based on
an innovative modification of conventional triple glazing.
Two low-E coatings are placed on surfaces facing each of
two krypton- or krypton/argon-filled gaps. Such a design
can achieve center-of-glass R-values between 6 and 10.
However, the use of conventional metal spacers to
separate the glazing layers creates a large two-dimensional
thermal bridge at the outer edge of the IG unit. Further-
more, even the best wood frame will degrade the thermal
performance of such a window.
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Figure 1.  Total solar and visible transmittance versus
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This year we collaborated with four major window
manufacturers to design prototype high-R windows for
demonstration home projects set up by electric utility com-
panies in Montana and Wisconsin. Frame and edge
designs were modified to reduce heat transfer in these
areas. Field monitoring and MoWiTT testing of these win-
dows is planned for FY 89. This work was supported by
the Bonneville Power Administration and the Wisconsin
Power and Light Company, as well as the U.S. DOE.

OPTICAL SWITCHING MATERIALS

Optical switching materials can be used to dynami-
cally regulate the transmission of windows in buildings
and automobiles. Initial studies of energy simulation of
office buildings indicate that an automatically controlled
switchable coating can provide substantial energy savings
in lighting and cooling as well as economic benefits in
reduced HVAC system size. The transmittance of a win-
dow can be controlled either by electrochromic, thermo-
chromic, photochromic, or liquid crystal materials. Elec-
trochromic devices appear to have the best combination of
properties for window applications, including a wide-
dynamic visible transmittance range (possibly 8:1 transmit-
tance change), moderately fast switching times, and low
power consumption.

During FY88 we developed component layers for the
fabrication of devices. The component layers consist of
the following materials: 1) electrochromic, 2) ionic
electrolyte /conductor, and 3) ion storage. All of our dev-
ices are based on electrochromic nickel hydroxide. The
best nickel hydroxide layers are deposited by anodic elec-
trochemical deposition using sulfate/nitrate solutions
developed by our group. In addition we have made films
of nickel hydroxide and vanadium oxide by reactive d.c.
sputtering. The optical and electrochemical properties of
the films have been investigated using optical spectros-
copy and cyclic voltammetry. We have synthesized a
quarternary ammonium hydroxide polymer for use as an
electrolyte in the device. This polymer has ionic conduc-
tivity of 8x10725/cm. Devices using this polymer exhibited
an integrated photopic response of 70-21% between
bleached and colored states (Figure 2).

Our research in FY 89 is directed at improving the
durability of the polymer electrolyte, altering the oxidation
potential of nickel hydroxide by doping, and developing
ion storing electrodes with compatibility to nickel hydrox-
ide. Materials we will study for ion storage include man-
ganese and niobium oxide. To simplify analysis, we will
develop computer controlled instrumentation to perform in
situ optical and electrochemical experiments.

CORE DAYLIGHTING SYSTEM DESIGN

Outdoor illuminance levels under clear skies are typi-
cally 100 times greater than required indoor illuminance
levels. If just a fraction of the sunlight falling on a build-
ing could be distributed to core building zones, daylight
could offset a building’s entire electric lighting load during
sunny periods, with automatically dimming electric



Figure 2.  Electrochromic nickel oxide device shown in
its colored and transparent states. (CBB 887 6776A)

luminaires providing light at other times. Several core
daylighting systems have been developed, and one
Japanese system is in commercial production, but these
systems are not cost-effective on the basis of their energy
savings. We have developed a new design, however, that
could supply daylight to core building zones with a cost-
effective optical technology.

Our previous work showed that direct sunlight can be
channeled to core building zones through light guides
small enough for retrofit as well as new-building applica-
tions. To attain this level of optical concentration, the sys-
tem would use tracking solar collectors maintaining
stringent tracking and optical imaging tolerances. A practi-
cal and economical collector design to achieve these toler-
ances was developed in FY 87. During FY 88 we
developed an algorithm for optimizing the collector’s
mechanical design; analyzed the radiative heat gain in the
system’s plastic optical fiber elements and concluded that
with proper design thermal gains would not exceed the
fibers’ thermal tolerance limit; refined the optical theory
underlying the collector’s Fresnel lens design and filed an
initial patent application for a mechanism that substan-

tially eliminates chromatic dispersion in the lens; and
developed software for completing the optical design for
the overall core daylighting system.

We will continue developing the collector’s optical
and mechanical design and will refine our estimates of the
system’s performance characteristics, cost parameters, and
projected energy savings. Since subjective response to the
interior environment is an important element in overall
system design and cost effectiveness, we will consider
using the Radiance program to evaluate the system'’s
illumination quality and its interaction with dimmable
electric lighting. This software would be used as a design
guide not only in the development of core daylighting sys-
tems, but also for analyzing new optical component
designs for window and skylight applications.

ADVANCED GLAZINGS FOR AUTOMOBILES

Solar heat gain accounts for a large proportion of the
cooling loads requiring automobiles to be built with large,
high-capacity air conditioners, which in turn release signi-
ficant amounts of chlorofluorocarbons (CFCs) into the
atmosphere. As part of its program to reduce CFC emis-
sions from auto air conditioners, the Environmental Pro-
tection Agency supported a study to determine the poten-
tial for reducing air conditioner size by using advanced
glazing with selective transmittance properties for control-
ling solar heat gain. Our objective was to define the rela-
tive performance of a range of real and hypothetical
absorptive and reflective glazings under static-soak and
cool-down conditions.

We completed an extensive analysis of the effects of
glazing and ventilation options in standard and sports-
model sedans by running parametric simulations of a wide
range of absorptive and reflective glazing components
using a finite-difference computer program. Figure 3
shows the peak interior air temperature under static-soak
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Figure 3.  Peak interior air temperatures for standard

and sports sedans as a function of solar transmittance.
Values occur at 3 p.m. and are shown for reflective and
absorptive glazings. (XBL 892-646)



conditions in Phoenix, Arizona, for glazings of varying
solar transmittance. The absorptive and reflective curves
represent limiting values of these properties. Our final
report includes an annotated bibliography of work on
solar-load control for automobiles in the form of a hyper-
text computer program. This gives users quick and easy
access to a large volume of data that would otherwise be
too cumbersome for convenient use.

Our future work will relate auto air conditioner per-
formance and glazing characteristics to actual fuel use.
Although we know that gasoline consumption increases
with air conditioner use, the potential for improving fuel
efficiency has not been thoroughly studied. We plan to
perform analytical and experimental investigations under a
variety of driving conditions in several climates. We also
expect to begin development of new coating technology to
meet the performance requirements we have identified.

FENESTRATION PERFORMANCE

Research activities in this area are intended to charac-
terize the performance of fenestration components and
complete systems over the entire range of operating condi-
tions in any climate or building type. The research
develops and refines experimental techniques and analyti-
cal models for accurately determining heat-transfer and
solar-optical properties of fenestration components and
systems and validates these models in field-test facilities
and occupied buildings. Many of the new algorithms and
data sets are designed to be incorporated into hour-by-
hour building energy simulation programs such as DOE-
2.1. These data not only improve the accuracy of our
predictions but also allow us to predict the performance of
new fenestration systems and novel architectural designs.
Our plan for developing and implementing these new
analysis capabilities in energy simulation models is shown
schematically in Figure 4.

THERMAL ANALYSIS

With the wide acceptance of low-E coatings and the
introduction of low-conductance gases by the window
industry, the number of possible window configurations
has multiplied rapidly, creating a need for an accurate,
convenient, and standard calculational procedure to deter-
mine window heat-transfer indices. The Windows and
Daylighting Group developed a computer program to fill
that need. WINDOW 2.0 was released in 1986 and distri-
buted by LBL and a major window sealant manufacturer
as a professional courtesy to over 800 window and IG-unit
manufacturers. The program has since become the de
facto standard in the industry, and our efforts to develop
WINDOW and make it available to the private sector were
recognized by the Federal Laboratory Consortium’s 1988
Special Award for Excellence in Technology Transfer.

In FY 88 we added many new technical and user-
friendly features to an updated version of the program.
Users of WINDOW 3.1 have easy access to libraries of
component information and can easily build or change a
window and see the resultant thermal properties on the
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same screen. Version 3.1 includes help screens, and its
operation is consistent with standard MS-DOS software.
WINDOW 3.1 is being distributed by window and sealant
manufacturers, and other industry organizations have also
expressed interest in distributing this program to their
members.

Our early work emphasized center-of-glass U-values,
but glass-edge and frame effects are known to be signifi-
cant, particularly in high-performance windows. We have
begun a thermal analysis program to study these two-
dimensional heat transfer effects (Fig. 5). Results from
these finite-element models will be incorporated into
libraries in WINDOW 3.1 in order to give the user heat-
transfer properties indicative of complete windows and not
just center-of-glass performance. These finite-element
models have been used to study pressure and temperature
induced stresses in high-performance glazings.

In FY 89 we expect to use thermographic techniques
in conjunction with more extensive finite-element model-
ing to develop and validate the library of sash and frame
heat-transfer effects. These tools will also allow us to
explore the problems associated with condensation on
glass edges and frames. ’

DAYLIGHT AND SOLAR HEAT GAIN STUDIES

Providing daylight to building interiors is one of
fenestration’s most important functions, both from an
energy perspective and from an occupant’s point of view.
However, the solar heat gain associated with daylight can
be a benefit or cost, depending on circumstances. Analyz-
ing the trade-offs to arrive at an optimum solution for
simple glazings is difficult; for complex fenestration with
sophisticated sun control systems it is virtually impossible
with currently available tools. Our objective is to develop
the experimental facilities and analysis models to accu-
rately characterize the daylight and solar heat gain from
fenestration systems of arbitrary complexity. We conduct
a wide range of activities to establish the facilities, tools,
and data to address these problems.

Solar-Optical Properties of Complex Fenestration
Systems

A quantitative understanding of the solar-optical pro-
perties of fenestration systems is essential to accurately
predict their luminous and thermal performance for any
sun, sky or ground conditions. ““Luminous performance”
refers to daylight illuminance and luminance levels that
determine electric lighting requirements and visual com-
fort. “Thermal performance” refers to solar heat gain lev-
els that determine heating or cooling requirements and
thermal comfort.

We are developing a method of calculating the solar
and daylight transmission through complex fenestration
systems from laboratory measurements of the solar-optical
properties of window components. The method treats
fenestration systems as radiation sources of varying-
intensity distribution. For diffusing, diffusely reflecting, or
geometrically complex components such as blinds or



~
e

Scanning
Radiometer

¥

Bidirectional
Solar-Optical Properties
of Fenestration Layers

Y

TRA
g ' }
Bidirectional Directional-Hemispherical
1 Optical Properties Solar Properties g
of Fenestration Systems of Fenestration Systems
Scanning v v Integrating
Radiometer Sphere

i
SUPERLITE

A, ;

Hot Box

Sun, Sky and Ground for Sun, Sky and Ground Heat Transfer Calculations

Daylight Illuminance Solar Properties Thermal Properties
.i' L »d due to Radiation from of Fenestration Systems for Convective/Conductive

Sky : L 1
Simulator A

—l e

MoWiTT
=
B
SPSS WINDOW
Daylight Illuminance Solar Heat Gain Coefficients
Coefficients of Utilization and U-Values <
of Fenestration Systems of Fenestration Systems
L I

]
DOE-2
Y

Hour-by-Hour
Energy Analysis
of Buildings

g ’ !

Design Guidelines Design Tools

Figure 4. Schematic diagram of overall fenestration modeling capabilities under development includes new meas-
urement facilities, computer models, and intermediate calculated and measured results. Direct measurement of some
intermediate calculated results provides a validation check. (XBL 885-1479)

5-6



Figure 5. a) Cross section of window edge and frame.
Glazing layers are separated by a dessicant-filled metal
spacer sealed inside a wood sash that rests on a wood
frame. b) Vector plot of two-dimensional heat transfer
through the window section shown in (a). Warm interior
is at left, cold exterior at right. Size of vector denotes mag-
nitude of heat transfer; arrow denotes direction. All glass
two-dimensional heat transfer occurs within the bottom
2.5 inches of glass panes modeled. Small vectors appear as
dots. (XBB 892-642)

drapes, bidirectional solar-optical property measurements
are necessary. We have developed a large-scale, automated
scanning radiometer/photometer to make these measure-
ments (Fig. 6). Computer software will compute the lumi-
nous or radiant distribution transmitted by a complete
fenestration system for a given set of exterior conditions
by combining the properties of component layers while
correctly accounting for multiple reflections. During FY88
we initiated a cooperative project with support from DOE
and ASHRAE to make this method the basis for a new
treatment of solar heat gain through fenestrations. Scan-
ning radiometer measurements will be made on a
representative sample of fenestration components, the
completed software will be used to calculate the solar heat
gain, and the method will be validated by comparison
with measurements made with the Mobile Window Ther-
mal Test Facility (MoWiTT).

DAYLIGHTING ANALYSIS

The prediction of lighting quantity and quality in the
luminous environment is essential for energy-efficient
lighting design. Over the years, we have developed a
range of daylighting design tools to expand our modeling
capabilities and improve calculational accuracy. Our most
advanced daylighting simulation model, SUPERLITE 1.0,
was converted to run on an IBM-compatible personal com-
puter in FY88. We continued our efforts to expand
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Figure 6.

Scanning radiometer for measuring the bidirec-
tional transmittance and reflectance of fenestration com-
ponents and systems. (BBC 887-6823)

SUPERLITE capabilities to model more sophisticated day-
lighting systems such as complex sun control and shading
systems. This work includes developing and upgrading
modeling algorithms and initial efforts to create a pho-
tometric data base containing the complex optical proper-
ties of shading systems required by SUPERLITE. (Related
work on the measurement of these properties is discussed
in the earlier section titled “Daylight and Solar Heat Gain
Studies.”)

We also plan to develop tools to assist designers in
qualitative assessment of daylighted environments by
using the numerical output of the SUPERLITE program to
produce luminance maps of light distributions in architec-
tural spaces.

In FY89 we will provide an initial library of shading
system optical properties for SUPERLITE using data from
our luminance scanner. Further collaborative work with
other university-based groups will be directed toward
improving the ease of use of the microcomputer version of
the program and enhancing its input/output capabilities.

The Sky Simulator and Daylight Photometric
Laboratory

Scale-model photometry is a powerful tool for day-
lighting design and analysis. Our 24-ft-diameter hemis-
pherical sky simulator (Fig. 7), located on the University
of California’s Berkeley campus, simulates the effects of
uniform, overcast, and clear skies. Sky luminance distri-
butions are reproduced on the underside of the hemi-
sphere; light levels are then measured in a scale-model



Figure 7.
scale model of a five-story atrium (with one side of model
removed). (CBB 848-5926)

Interior of sky simulator shows reconfigurable

building at the center of the simulator. From these meas-
urements, we can accurately and reproducibly predict day-
lighting illuminance patterns in real buildings and thereby
facilitate the design of energy-efficient buildings. The
facility is used for research, for educational purposes, and
on a limited basis by architects working on innovative
daylighting designs.

FIELD MEASUREMENT OF FENESTRATION THERMAL
PERFORMANCE

We have known for some time that winter solar
heat gain through south-facing windows in conventional
buildings is a significant source of “free” energy. Subse-
quent calculations have indicated that it is technically pos-
sible, for any orientation in any U.S. climate, to optimize
windows to the point that they become positive contribu-
tors to a building’s energy needs.

This claim is not likely to be widely accepted without
firm experimental verification. However, to measure the
performance of highly optimized window systems in a
realistic way is a formidable measurement task, requiring
specialized non-steady-state calorimetry on a scale never
previously attempted.

To perform these measurements, the Mobile Window
Thermal Test Facility (MoWiTT) was designed, built and
calibrated. In developing this facility (Fig. 8), it was
necessary to solve the problem of doing calorimetry on a
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Figure 8. The MoWITT facility at its field test site in

Reno, Nevada. Two sealed insulating glass units are
mounted in the two calorimeters. Portable building at left
contains computer that controls the facility and records
data, including data from on-site weather tower. (CBB
892-812)

room-sized enclosure (which would normally require care-
ful maintenance of constant equilibrium conditions) in the
presence of the solar fluxes and changing outdoor tem-
peratures which control the behavior of a fenestration sys-
tem. We solved this problem with a large-area heat flux
sensor (developed as part of the project) and a very
sophisticated measurement of the heat extracted from the
calorimeter by its cooling system. The MoWiTT began
operation in 1986 at a field-test site in Reno, Nevada.

During FY88 we completed a study of windows with
frames (a cooperative study with support from the Bonne-
ville Power Administration), which demonstrated that cal-
culated U-values agree well with field measurements, pro-
vided that there is adequate knowledge of the local
weather conditions. In most cases, results were also con-
sistent with laboratory measurements of U-value; how-
ever, laboratory measurements appeared to be question-
able for highly conductive frames. This study provides
the first convincing evidence that U-value calculations can
accurately predict field performance, a question which has
been the subject of controversy for more than a decade.
The study also demonstrated that the diffuse solar heat
gain admitted by north-facing or shaded windows has a
significant effect on the daily winter energy balance. This
heat gain is frequently neglected in estimates of winter
heat loss.

We have also begun measurements of solar heat gain
and the inward flowing fraction of absorbed solar energy
for windows with shading systems. These measurements
form part of the cooperative study of solar heat gain
undertaken with partial support from ASHRAE and
described above (see Daylight and Solar Heat Gain Stu-
dies).

In 1989 we will extend our studies to include higher-
performance windows and superwindows, continue the
solar heat gain study, and explore the effect of common



shading systems on winter energy performance. We will
utilize our data in support of a joint US/Canadian project
to standardize the calculation of window U-values.

These measurements with the MoWiTT have the
potential for removing uncertainties about window perfor-
mance that have slowed progress in energy conservation
for the past decade.

BUILDING APPLICATIONS AND DESIGN TOOLS

The development of new glazing materials and experi-
mental characterization of fenestration system performance
must be complemented by translating the benefits of such
information to the building design community. The objec-
tive of our building applications activities is to apply the
knowledge gained from our basic science research to real-
world buildings and develop the tools to disseminate this
information.

SIMULATION STUDIES: NONRESIDENTIAL BUILDINGS

Our goal is to develop a microcomputer-based fenes-
tration performance design tool. The first phase of the pro-
ject, supported by a contract from the Lighting Research
Institute and DOE, has been to define a methodology for
evaluating overall fenestration performance and construct
a data base for conventional fenestration systems and
complex operable shading systems. The second phase
entails the development of the actual design tool.

A large part of our effort was directed toward report-
ing the results of Phase 1. In addition to completing the
final report, “Commercial Building Fenestration Perfor-
mance Indices Project, Phase 1: Development of Metho-
dology,” we presented a second paper, “An Approach for
Evaluating the Thermal Comfort Effects of Nonresidential
Building Fenestration Systems,” at a comfort symposium
and explained the methodology used to define comfort
indices. A third paper, “An Indices Approach for Evaluat-
ing the Performance of Fenestration Systems in Non-
residential Buildings,” describes the overall methodology
and was presented at an ASHRAE technical conference.

We began development of the microcomputer-based
design tool with special emphasis being placed on the
design of the user interface. Of particular importance was
our study of the combination of text and graphics that are
necessary to give potential users an intuitive sense of the
tool’s purpose and use. We also implemented several of
the algorithms derived during the analytical phase of the
project. Figure 9 shows an output screen from this proto-
type tool. Menu items are shown along the left hand side
and the bar diagrams represent calculated values for four
fenestration systems.

In FY89 we will to continue our Phase 2 efforts to
develop a microcomputer-based tool with co-support from
LRI and DOE. The tool will allow a user to access and
process the glazing and shading-systems data base to
determine the key performance indices as indicated in Fig-
ure 9. Simultaneous treatment of the thermal and visual
comfort effects in parallel with the energy-related perfor-
mance data is a major advance over past energy models.
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Figure 9. Screen from fenestration design tool shows cal-
culated values of fuel use for heating, electricity use for
cooling, and peak electricity demand for four different
fenestration systems. (XBL 892-645)

The tool will allow the user to weight each index to find
the fenestration system that optimizes energy, cost, and
comfort issues based on the user’s weighting factors. The
tool can also be used directly in an “optimization mode”.
Since the performance data are stored in simple analytical
form, the user can directly determine properties of a real
or hypothetical fenestration system representing an
optimal solution, i.e., minimum or maximum value for
each performance parameter. Combining these analytical
capabilities with a hypermedia user interface will produce
a powerful and effective design tool. Final design of the
overall tool will be based on extensive consultation and
testing by project sponsors and feedback from professional
user groups.

SIMULATION STUDIES: RESIDENTIAL BUILDINGS

Our objective is to provide home builders and others
involved in residential design and construction with easy
access to relevant results of our window performance stu-
dies. The proliferation of new window technology offers
new options to builders, but at the same time the multipli-
city of options creates confusion regarding optimal selec-
tions to meet all performance requirements. We prepared
a draft set of “Window Notes” that define and summarize
performance factors for existing and new window techno-
logies that affect residential energy use and comfort. This
information was reviewed by the National Association of
Home Builders.

Simultaneously with the development of the paper
version, we created an interactive computerized version of
the notes that included a variety of animation features.
Figure 10 shows the main menu of this tool. The
highlighted items are those aspects that were completed.

In FY 89 we will begin to expand “Window Notes”
into a more comprehensive residential fenestration design
manual/tool. This will ultimately include the development
of a microcomputer-based simplified analysis tool.
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Figure 10. Main menu screen of computerized version of

“Window Notes,” which summarizes performance factors
of window technologies. “Window Notes” will be
expanded into a comprehensive residential fenestration
design tool. (XBL 892-644)

DESIGN TOOLS AND TECHNOLOGY TRANSFER

To influence energy consumption trends in the United
States, it is critical to communicate our results to other
researchers and building industry professionals. We use a
variety of conventional media to reach a widely varied
audience: other research and development groups, educa-
tional institutions, design professionals and industrial
firms. We continue to develop improved fenestration
analysis and design tools and handbooks, carry out design
assistance studies, and sponsor workshops and meetings
with manufacturing and design firms and public utilities.

Of special significance over the past several years are
our efforts to explore new forms of advanced electronic
media to better communicate appropriate information to
varied audiences. For example, the growing public and
private use of CD-ROM (compact disc read-only memory)
for storing thousands of pages of text, images and audio
reinforces our view of the value to the building commun-
ity of the technology transfer tools based on new elec-
tronic and optical media.

We continued our interactions with the Daylighting
Network of North America (DNNA), a group of 35
universities with research and instructional interests in
daylighting. The network continued to publish the DNNA
News and distribute software packages to faculty and
practitioners. The latest advances in the development of
“Hypermedia and Future Design Tools” were explored by
architectural faculty representing 15 member schools of
the network during a Daylighting Summer Retreat in
Berkeley. A prototype workstation linking a CD-ROM
drive and video disc player with high-resolution color
monitor was used to demonstrate the hypermedia-based
Daylighting Design Guide prototype we are developing.
We expect to involve DNNA members in future develop-
ment of this tool.

Our research and communication efforts are enhanced
by the participation of visiting researchers from the U.S.
and including foreign faculty representing Switzerland,
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Germany, Japan, and Israel. The international perspective
provided by our visitors is useful at a time when energy,
economic, and environmental issues are increasingly
viewed as global concerns.

ADVANCED DESIGN TOOLS

Our long standing interest in developing the next gen-
eration of sophisticated hardware and software design
tools received significant funding from DOE, allowing us
to pursue several exciting avenues. The Advanced Design
and Operation Technologies (ADOT) Planning Project is
intended to address the development of the technological
basis for a family of design tools to be used by designers
to achieve greater energy and cost savings in the next gen-
eration of U.S. buildings. Private-sector design tools util-
izing ADOT technology would contain knowledge bases
of energy-efficient technologies and methodologies,
computer-aided-design capabilities, energy-analysis
modules, and capabilities for visualizing interior and exte-
rior building environments. Visualization capabilities
include the ability to realistically simulate both quantita-
tive and qualitative aspects of the building. The interface
between the designer and the ADOT tools would rely
heavily on visual representations of information and data.

In collaboration with the ADOT Planning Project, we
studied imaging and visualization technologies to identify
and evaluate the hardware and software requirements for
the generation, manipulation and display of visual data for
these advanced tools. To demonstrate the potential for the
use of dynamic visual information for design decision
making and education, we developed a prototype Day-
lighting Design Guide using new computer-based hyper-
media approaches. The prototype is composed of Apple’s
Macintosh hardware and Hypercard software linked to a
CD-ROM drive and video disc player with high-resolution
color monitor. The primary thrust of this research is to
explore the value and limitations of a hypermedia presen-
tation of traditional daylighting design materials.

We expect to develop a prototype hypermedia infor-
mation kiosk for demonstration and evaluation purposes
with the support of DOE, LBL, and utilities.

PUBLICATIONS

1. Arasteh D, Johnson R, Selkowitz S. Definition and
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lished in the 1986 International Daylighting Confer-
ence Proceedings I1, 1989.

Benton C, Papamichael K, Arasteh D, Selkowitz S,
Spear ]. Optical analysis of tracking skylight: so-
luminaire. LBL-26280, 1987.

Johnson K, Selkowitz S. Light guide design princi-
ples. Presented at the 1986 International Daylight-
ing Conference, 5-7 November 1986, Long Beach,
CA, and to be published in the 1986 International
Daylighting Conference Proceedings II, 1989.



10.

11.

12.

13.

14.

15.

Klems ] H. U-values, solar heat gain, and thermal
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be presented at the ASHRAE Winter Meeting,
Fenestration U-Value Symposium, Jan 29-Feb. 1,
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sactions. 1988; 95 (Pt. 1), LBL-25487.

Klems ] H, Keller H. In-situ measurements of u-
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lighting Conference Proceedings II, 1989.

Kim ], Papamichael K, Selkowitz S. Development of
regression equations for a daylighting coefficient-of-
utilization model. Presented at the 1986 Interna-
tional Daylighting Conference, 5-7 November 1986,
Long Beach, CA, and to be published in the 1986
International Daylighting Conference Proceedings I,
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Papamichael K, Klems ], Selkowitz S. Determina-
tion and application of bidirectional solar-optical
properties of fenestration systems. Proceedings of
the 13th National Passive Solar Conference, June
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nous and thermal performance of fenestration sys-
tems. Lighting Design & Application, pp. 37-45, 1987.
Pennisi A, Lampert C. Optical properties of electro-
chromic nickel oxide devices utilizing a polymeric
electrolyte. Presented at the International Congress
on Optical Science and Engineering, Sept 19-23,
1988, Hamburg, FDR. Proceedings of the Conference
on Optical Materials Technology for Energy Efficiency
and Solar Energy Conversion VII, Vol. 1016.

Reilly S, Arasteh D. A computer tool for analyzing
window thermal performance. Proceedings of the
13th National Passive Solar Conference, June 19-24,
1988, Massachusetts Institute of Technology.
Selkowitz S, Papamichael K, Wilde M. A concept for
an advanced computer-based building envelope
design tool. 1986 International Daylighting Conference
Proceedings I, pp. 496-502, 1987.

Sullivan R, et al. An indices approach for evaluating
the performance of fenestration systems in non-
residential buildings. ASHRAE Trans., 1987; 94, Pt 2.
LBL-23581.

Sullivan, R., Arasteh D, Papamichael K, Selkowitz S.
An approach for evaluating the thermal comfort
effects of nonresidential buildings fenestration sys-
tems. Presented at the International Symposium on
Advanced Comfort Systems for the Work Environ-
ment, Troy, NY, May-1-3, 1988 and to be published
in the proceedings.
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International Daylighting Conference Proceedings I, pp.
215-221, 1987.

Wruck D, Rubin M, Sputtered Electrochromic V,05
Films. Thin Films, (in press, 1989).

16.

Lighting Systems Research*

S.M. Berman, R.R. Verderber, R.D. Clear,

D. Crawford, D.D. Hollister, D.]. Levy, O.C. Morse,
F.M. Rubinstein, M.]. Siminovitch, G.]. Ward, and
R. Whiteman

New, efficient technologies and strategies have the
potential to save our nation 50% of the electrical energy
consumed by lighting, or about 12% of total electrical
energy sales. This would amount to a yearly savings of
some 220 billion kilowatt-hours of electricity, valued today
at more than 16 billion dollars. The significance of this
savings can be appreciated by considering projections of
economic growth that predict a doubling of present com-
mercial floor space by the year 2020. The 220 billion
kilowatt-hours of saved energy would allow the new
space to have its desired lighting conditions without the
need for new electrical generating capacity, thereby pro-
viding an additional capital savings of more than $100 bil-
lion.

To help achieve this more energy efficient economy,
the Office of Buildings and Community Systems of the
U.S. Department of Energy has established a program
combining research activities and technology transfer to
the lighting community (manufacturers, designers, and
users). This program represents a unique partnership
between a national laboratory-university complex and
industry, facilitating technical advances, strengthening
industrial capability, and providing designers and the pub-
lic with needed information.

Past successes from this effort include development of
the high-frequency solid-state ballast for improving the
efficiency of fluorescent lamps; the Controlite computer
program that enables designers to determine the energy
and economic benefits of lighting controls in the work-
place; assistance in developing the compact fluorescent
lamp; important information on how lighting can effect
productivity and visual functions; and determination that
both photopic and scotopic spectrum affect the vision pro-
cess at typical interior light levels.

The program is now actively pursuing development of
more efficient light sources through technical concepts
such as using isotopically enriched mercury for fluorescent

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Buildings and Community Systems, Building
Equipment Division of the U.S. Department of Energy under Contract No.
DE-AC03-76SF000098.



lamps. A variety of ingenious methods for operating
lamps at high frequency without electrodes are being pur-
sued, with the goal of improved efficiency and longevity.
In addition, the program is developing comprehensive
strategies to optimize the benefits obtained by introducing
efficient fixtures combined with lighting controls. This
effort is assisted by the use of computers that can display
realistic, visual simulation of the lighted workplace. In its
study of the relation between lighting variables and visual
function, the program is identifying human responses to
lighting conditions, leading to new innovative products
that improve both energy efficiency and productivity.

The program has identified new long-range technical
concepts which, although high in risk, have great potential
payoff. These include development of more efficient
fluorescent lamp phosphors, lamps filled with novel gases,
super fixture systems that overcome the inefficiencies asso-
ciated with overheating, as well as the use of the spectral
quality of lighting to optimize performance and comfort.

This interdisciplinary program encourages innovation
in the industry, accelerates the societal benefits obtainable
from a more cost-effective and efficient lighting economy.
Because of its comprehensiveness, it is unique in the
United States.

Since its inception in 1976, the LBL Lighting Program
has produced more than 124 reports and publications.
These reports, available to the public, document research
on subjects such as solid-state ballasts, operation of gas-
discharge lamps at high-frequency, isotopically enriched
fluorescent lamps, energy-efficient fixtures, lighting control
systems, and visibility and human productivity. In addi-
tion to its research activities, the internationally recognized
interdisciplinary staff is involved in a variety of profes-
sional, technical, and governmental activities.

The Lighting Program combines the facilities and staff
of LBL with those of the University of California College
of Environmental Design and School of Optometry, both
on the Berkeley campus, and the School of Medicine in
San Francisco (UCSF).

Described below are highlights of the accomplish-
ments realized in FY 1988 by each of our three major
efforts: advanced light sources, building applications, and
health impacts. Discussion of activities planned for FY
1989 are included in the highlight descriptions. Publica-
tions and conference presentations from the past year may
be found at the end of this chapter.

ADVANCED LIGHT SOURCES

The advanced light sources effort promotes new lamp
technology and light source development. To see what
can be accomplished in this area, consider that the most
efficacious four-foot fluorescent lamp, operated at high fre-
quency (20 kHz), has a luminous efficacy of approximately
100 lumens of light output per watt of electrical power
input. Although this is more than five times as efficient
as an incandescent lamp, still greater efficacies are possi-
ble. White light can, theoretically, be produced at almost
350 lumens per watt. The advanced lamp technology pro-
gram is developing the engineering science that will help
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us achieve a target efficacy of 200 lumens per watt within
the next few years.

In the area of fluorescent lamps, three loss mechan-
isms are candidates for efficiency improvements. These
are self-absorption of ultraviolet (UV) radiation, electrode
losses, and energy loss in lamp phosphors. In the first
case, we would like to reduce self-absorption of UV radia-
tion, a process that occurs within the lamp plasma before
the radiation strikes the phosphor-covered inner wall (the
phosphor converts UV radiation into visible light). If UV
self-absorption is decreased, thereby reducing the chance
of quenching electron collisions, the amount of UV radia-
tion available to be converted into light at the lamp wall is
increased.

In the second case, energy losses associated with elec-
trodes can be eliminated by exciting the lamp plasma at
radio frequencies (RF). The problem is to find an efficient
method for coupling the RF energy into the lamp without
causing new losses.

In the third case, we would like to develop a more
efficient phosphor matrix that will convert one energetic
UV photon into two visible photons. These concepts
could lead to significant improvements in lamp efficacy.

LBL is studying several ways of reducing UV self-
absorption. The first method is altering the isotopic com-
position of mercury. In its natural state, mercury has
seven stable isotopes, each with slightly different reso-
nance UV emission spectra. Altering the naturally occur-
ring isotopic composition can provide more escape chan-
nels for the resonance radiation, thereby reducing the pro-
bability of quenching collisions and increasing the amount
of UV radiation reaching the phosphor. The most promis-
ing possibility is isotope alteration-enrichment with
1 Hg, which is being pursued in a joint effort by LBL and
GTE Lighting. Should isotopic alterations prove economi-
cal, modified lamps would enter the market quickly.
Lamps would simply be loaded with isotopically enriched
rather than natural mercury, with other lamp manufactur-
ing processes remaining the same.

Another method of reducing UV self-absorption was
recently discovered at LBL based on the application of a
d.c. magnetic field having a direction parallel to the main
current. Axial magnetic field strengths of about 600 gauss
can increase light emission by about six percent. LBL and
major firms in the lamp industry are studying practical
ways to apply this technique.

A highly promising mechanism developed at LBL uses
a plasma coupling principle that eliminates the need for
electrodes; it allows lamp plasma excitation to occur pri-
marily near the inner lamp wall, thereby reducing both
the electrode loss and the likelihood of entrapment loss.
This surface wave mode of operation occurs at high fre-
quencies in the RF range between 100 and 500 MHz, per-
mitting efficient lamp excitation without electrodes. The
surface wave fluorescent lamp shows approximately 40
percent increased energy efficacy over normal fluorescent
lamps, operates without starting circuits, and should be
very long-lasting because of the absence of electrodes.

Reducing the effects of energy loss in the phosphors
requires alteration of a lamp’s phosphor material. The



materials used today convert each UV photon into, at
most, one visible photon. Improving this conversion rate
would increase the efficacy of low-pressure discharge
lamps. Although a UV photon has sufficient energy to
permit conversion of the UV photon into two visible pho-
tons, this process must occur quickly to prevent heat-
producing collisions. LBL and GTE lighting are examining
the possibilities of a program in phosphor chemistry
designed to discover whether the two-photon phosphor is
feasible. The lamp industry, long aware of the complexity
of this problem and the extensive research required to pro-
vide solutions, is extremely interested in this cooperative
effort.

If these research projects at LBL come to technological
and commercial fruition, future fluorescent lamps would
operate at high frequency without electrodes and would
be isotopically enriched, magnetically loaded, and coated
with a two-photon phosphor. Such lamps would have an
efficacy of more than 200 lumens per watt, doubling the
efficiency of today’s best fluorescent lamps.

Other lamp technology research concentrates on
high-intensity discharge (HID) lamps, which could be
made both more efficient and dimmable if operated
without electrodes. High-frequency operation is required
to excite the lamp plasma in an electrodeless mode; it may
also permit lamps to function with just one or two metal
halides and no mercury or sodium. Electrodeless opera-
tion would also enable us to use compounds that have
desirable light output and color, but that are excluded
today because they would harm electrodes. Finally, an
electrodeless lamp that could be dimmed without observ-
able spectral changes and that could provide instant res-
trike could be used in many new ways. It would improve
energy efficiency and would be aesthetically attractive
enough for widespread use by lighting designers.

Mercury Isotope Separation and Enrichment of
Fluorescent Lamps

Continued progress has been made in assessing the
feasibility of photochemical separation of natural mercury
to produce mercury enriched in the isotope mass 1%Hg.
Most of the FY 1988 effort has been involved in designing
and building a scaled-up reactor that can produce several
grams per day of enriched mercury. This has required the
development of a high flux light source now in place.
Several new scientific and technical personnel have been
added to the project, and a number of new developments
are expected in FY 1989. These include in situ measure-
ment of reactor performance, allowing continuous moni-
toring, production of enough enriched mercury to permit a
high speed dispensing procedure (suitable for filling a
large number of lamps with the enriched product), and
economic analyses of the complete photochemical process
that will permit conclusions on the feasibility of enriched
mercury lamps as a market product.

Surface Wave Lamp (SWL)

Two important new findings were made during FY
1988. First, the surface wave mode of coupling was
extended into a much higher power range, achieving
about 10 watts per inch of discharge (as compared to the
previous loading of about 1 watt per inch, typical of
today’s fluorescent lamps). This new level is still an order
of magnitude below the 100 watts per inch typical of com-
mercial high intensity (HID) lamps. The intermediate
level achieved, which we refer to as the MID lamp, still
maintains the zeto reflected power condition essential for
achieving high efficacy. A noteworthy aspect of the MID
surface wave lamp is its instant restrike capability com-
pared to the typical 10-minute period needed for commer-
cial HID lamps. The question of effective coupling and
restrike capabilities at an HID condition will be considered
during the next year.

Our second major achievement is the development of
a launcher and the finding of a frequency that allows a
two-foot lamp to be energized by the surface wave mode.
Efficacy improvements of about 30% for the longer-length
lamp have been achieved.

Our first written examination of possible SWL power
supplies indicates that a Class E amplifier with a solid
state switching transistor is the most likely candidate.
Further work in FY 1989 in this area will be undertaken
with an outside contractor familiar with Class’E amplifiers.

Electrodeless High-Intensity Discharge (HID) Lamp

The complete system for back-filling lamps 1 in. and
.75 in. in diameter has been completed. These lamps are
spherical in shape and are to be filled with various candi-
date materials for efficient HID light production. Success-
ful glow-to-arc transition has been obtained with a pure
mercury fill at slightly over 100 watts of lamp power.

Knowledge of the actual pressures in the lamp at
operating conditions will be absolutely essential. For this
purpose, several techniques have been initiated. The
potentially best method involves insertion of a small
amount of scandium (about 1% by mass) into the lamp.
Scandium has some optically thin emission spectra in the
visible region, and these line widths can be measured
quite accurately. These scandium lines have been
observed, and the success of this method will depend on
an accurate calibration procedure which will be developed
during FY 1989.

Lamp Fabrication Facility

Much effort in FY 1988 has been expended on
developing our own lamp fabrication facility, which will
enable us to build lamps from the basic glass tubing, fill
with the desired gases and salts, include glass electrode
seal if needed, and use all the extensive combined vacuum
and oven systems needed for fill control and maintenance



of high purity. The facility required a new laboratory
room that was constructed by conversion of a large, par-
tially open storage area. Our personnel designed the facil-
ity and monitored its rehabilitation. The various fabrica-
tion components were tested and incorporated into the
integrated facility. Numerous difficulties were encoun-
tered because of scheduling delays brought about by
overall LBL plant complications; nevertheless, the lamp
facility achieved 90% completion by the end of FY88, with
the 100% level expected in early FY 1989 (Figures 1 and
2).

Isotope Modeling

This project, a joint effort with New York University,
has the primary objective of developing a theoretical
model to account for the effects of variations in isotopic
mercury composition upon emittance of a low-pressure
discharge. The secondary objective is to include the
effects of partial redistribution, surface effects, and line-
shape factors that affect the emittance, and hence the effi-
cacy, of UV radiation.

The practical goal is to specify the isotope composi-
tion that maximizes emittance.

Figure 1. Evacuated glove box where hydroscopic salts
are prepared as additives for lighting producing fills in
electrodeless HID lamps (CBB 876-10627)

Figure 2. Lamp fabrication components including glass
lathe (right) and high-speed glass saw (left). (CBB 891-
341)

We have formulated a variational theoretical model of
the radiant emittance of the mercury-argon discharge used
in fluorescent lighting. The model includes the effects of
the fine structure and isotope shifts in the resonance radia-
tion line as well as those of atomic diffusion, resonant
exchange of excitation, and radiation transport. The result
is a variational principle which, when evaluated using
suitable trial functions, yields a variational estimate of the
radiant emittance of the discharge. This principle is used
to study the effects of isotopic mercury enrichment on
emittance. The special case of a single pure isotope, as
well as mixtures of all seven naturally occurring isotopes,
are presented. Recent experiments with enhanced A Hg
and 2°1Hg concentrations are discussed within the context
of this theory. The relative merits of three isotopic mix-
tures recently proposed for commercial development by
Alchemie, Inc. are assessed, and one of the mixtures (case
2) can be expected to lead to a greater improvement of the
emittance of the discharge than the other two, with about
a four percent increase over that of natural Hg. Further
refinements, including additional physical effects as well
as improved numerical codes, are planned for the final
stage of the model.

BUILDING APPLICATIONS

Real energy savings depend on the transfer of
energy-efficient technologies and strategies to the lighting



community. The building applications activities aim to
assess and develop energy-efficient lighting technologies
and to combine their technical performance characteristics
to model energy-efficient and cost-effective lighting
geometries and controls. Our analysis uses knowledge of
the relationship between visual performance and physical
aspects of lighting, such as illumination level, distribution,
contrast, and glare. As part of this effort, a computer pro-
gram has been developed that provides accurate simula-
tions of illuminated spaces with their contents. The simu-
lated scenes are visibly indistinguishable from real photo-
graphs; using them, we can model effects of changes in
the illumination systems. Validation of luminance values
produced by these simulations requires physical measure-
ments of luminances in complex environments. Therefore,
the project uses a number of novel techniques for real
luminance mapping of interior environments with complex
objects to obtain actual luminance values. The technology
development component of this program examines
engineering approaches to reducing light losses associated
with thermal factors of conventional lighting fixtures. The
conclusion of these efforts will be a combination of light-
ing systems technologies and analysis. Visual simulation
of the proposed application represents the most compel-
ling tool for promoting the implementation of energy effi-
cient lighting.

Advanced Lighting Design

The primary objective of this effort is the develop-
ment of simplified guidelines for assessing lighting con-
trasts, and hence, performance available in a given space
as a result of illumination, fixture geometry, lamp type,
and interior reflectance. The procedures involve examina-
tion and analysis of available computer programs.

During FY 1988, parametric runs on Lumen-Micro
were studied to examine the question of the effect of
luminaire spacing and the light distribution from particular
luminaires on predicted visual performance in an open-
office environment. Optimal spacing geometries have
been determined. A cost-benefit analyses will be under-
taken during FY 1989, taking into account the tradeoffs
between higher light levels and tighter spacing with
potentially diminishing returns on productivity.

Energy-Efficient Luminaires and Thermal Control
Devices

Ceiling-mounted four-lamp luminaires, lens and para-
bolic types, were evaluated during FY 1988. The
minimum lamp wall temperature of the in-place lamps
were measured with various ventilation schemes and dis-
tances from the ceiling. Simple convective cooling
reduced the excessive lamp wall temperature 10° to 15°C
and was a function of distance from the ceiling. The ther-
mal performance of the luminaires was measured for stan-
dard ballasts with 40-watt and 34-watt lamps, and for
electronic high-frequency ballasts. The convective cooling
strategy was able to recover most of the thermal loss due
to lamp overheating.

During FY 1989, the thermal performance of enclosed
and parabolic four- and two-lamp troffers will be meas-
ured. We will also develop optimum venting to convec-
tively cool the fluorescent lamps controlling the ambient
and plenum temperature. Measurements using a standard
two-lamp F40 lamp-ballast system will be conducted for
reference and compared with measurements for energy-
saving magnetic ballasts and electronic ballasts.

In the area of specific devices to control lamp wall
temperature, our major effort has been on concepts that
use the Peltier effect coupled with a heat pipe acting as
the heat sinking component.

The power to the Peltier device was obtained from
the secondary filament windings of a standard ballast.
This was accomplished by a filtered full wave rectifying
circuit. The capacitor required is relatively large; operating
the Peltier device from an unfiltered source would have a
practical advantage.

An experimental variable conducting heat pipe was
designed and constructed. This elegant concept requires
no external power source to control lamp wall tempera-
ture.

An experimental test station constructed to evaluate
the performance of these devices was used to measure the
lamp-ballast combination (Figure 3).

A number of important questions regarding the effi-
ciency of heat transfer will be examined during FY 1989.
In addition, a study of the limitations of using rectified AC
power (instead of DC power) for Peltier devices will be
carried out. If the devices can be operated by half-wave
or full-wave rectified power, the DC conversion costs
could be greatly reduced.

Quality Illumination and Performance

During FY 1988, we completed an analysis of our 17-
subject study of the speed of reading unrelated words.
The time to read these words was measured with an

Figure 3. Luminaire laboratory with heat pipe being
installed on fluorescent lamp. (CBB 89-345)



eyetracker that could determine fixation time as well as
the time for a saccade. The contrast, luminance, and size
of the words was controlled and varied over ranges typical
of office work. The analysis showed the remarkable result
that the reading speed data could be solely a function of
the ratio of letter size to threshold size; the dependence on
contrast and luminance occurs only through their effect on
threshold size. The results indicate that a useful and sim-
ple field test can be made available to determine if a given
individual has adequate illumination (or contrast) for any
given reading task.

The work is currently being prepared for journal pub-
lication and for the 1989 annual meeting of the Illuminat-
ing Engineering Society.

Additional efforts on improved cost-benefit techniques
have been pursued. A new model of basic visual perfor-
mance shows promise of overcoming the criticisms leveled
at the models by Rea and by Blackwell.

Computer Imaging

The RADIANCE modeling system was ported to the
SUN workstation in FY 1988. “Alpha” test versions of
the RADIANCE program were released to selected faculty
and students at UCB Schools of Architecture and
Optometry and to the University of Michigan Architecture
Department to solicit comments and feedback from users.
In 1988, RADIANCE was validated against Superlite and
against daylit scale models composed of diffusely reflect-
ing surfaces. Further validation needs to be carried out
with physical measurements of specular and semi-specular
materials under artificial light. A three-dimensional editor
has been developed on the Macintosh and was ported to
the X-windowing system on the SUN workstation. Addi-
tional utilities to improve program usability were also
added.

Effort in 1989 will be devoted to completing the verif-
ication of RADIANCE accuracy by comparing calculations
with empirical measurements from both scale and full-size
models. )

In addition, a lighting design firm will be selected to
work with LBL, using RADIANCE software to design a
complete energy-efficient lighting system.

IMPACTS OF NEW LIGHTING TECHNIQUES ON
PRODUCTIVITY AND HEALTH

The idea that lighting might negatively affect health
has appeared often in the lay press during the past few
years. Scientific data are lacking, especially to ascertain
whether new energy-efficient technologies adversely affect
human health and productivity.

Performance and productivity may be influenced by
lamp electronics and associated controls, fixtures, or the
geometry and location of the lighting system. We classify
these lighting factors as color variations; glare; intensity
fluctuations; spectrum variations, including the ultraviolet
region; electromagnetic fields generated by the lamp, bal-
last, or controls; and flicker. All of these could evoke a
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variety of human responses (behavioral, psychophysical,
physiological, or biochemical).

Our research seeks to assure that new energy-efficient
lighting technologies do not adversely affect human health
and productivity. We are investigating whether any aspect
of new technologies can produce responses in humans. If
we identify responses, we will characterize the effects and
identify the necessary changes in lighting technologies.
Although subjective responses of workers provide some
information, such responses are generally confounded by a
mix of sociological factors and individual motivations.
The investigations carried out by LBL use objective
responses to establish cause and effect, and ensure repea-
tability.

The impacts program is divided into two areas: 1)
direct effects of lighting on the human autonomic system
(carried out at University of California, San Francisco and
LBL); and 2) interactions of lighting that affect visual per-
formance and productivity or comfort (carried out at the
UC School of Optometry and LBL), which are termed
here “lighting ergonomics.”

In the first area of this program, lamps to be
evaluated include incandescent, cool-white fluorescent,
high-pressure sodium, and metal halide. Human
responses to various lighting conditions will be assessed
by monitoring autonomic responses including heart rate,
galvanic skin response, muscle strength, exercise tolerance,
facial expression, and pupillary response. Behavior meas-
ures to be used include memory (Wechsler Memory Scale
and Sternberg’s Memory Scanning Time), cognitive func-
tion (mental arithmetic), time estimation, and simple reac-
tion time. Other behavioral tasks will probably be
included.

Data gathering and subject control are supervised by
trained medical personnel. A national technical advisory
committee oversees and reviews the project. First results
of this effort concern the effects of visible spectrum and
low-frequency radiation on human muscle strength and, as
described previously, they indicate that psychological fac-
tors are the likely cause of reported effects. A second set
of experiments using infrared pupillometry has, however,
demonstrated that the spectral response of the pupil at
typical interior light levels is the scotopic spectrum and
thus that red photoreceptors are active at these light lev-
els.

The second area of this program primarily studies
issues of glare and flicker resulting from lighting systems.

Present knowledge and prescriptions by the lighting
community for dealing with glare are based on subjective
responses without support by objective criteria. It is rea-
sonable to implicate pupillary responses as relevant to
glare discomfort because pain receptors are present in the
iris, and the nervous pathway necessary to signal pain is
present in the fifth trigeminal cranial nerve. Some studies
by vision scientists have suggested pupillary response as a
possible objective correlate to the sensation of discomfort,
but this conclusion is not generally accepted in the vision
community. We have undertaken a series of studies to



clarify the possibility that pupillary dynamics can be used
as an indicator of glare response.

Visual system responses to the oscillating light levels
pervasive in our interior environments has also been
implicated in many anecdotal reports. The program has
undertaken a series of direct physiologic measurements to
investigate whether such responses can be established.

Direct Effects of Lighting on the Human Autonomic
System

The first phase of work on brightness perception has
been completed, clearly demonstrating a significant contri-
bution of scotopic spectrum to brightness as perceived by
subjects in a room. This result, coupled with our previous
finding showing the scotopic spectral response for pupil
size, implies that under typical interior light levels, vision
function is mesopic, i.e., both rods and cones of the retina
are active. Our present experiments are consistent with a
brightness function expressed by the equation B = log P +
0.9 log S, where B is the perceived brightness while P and
S are the values of the viewed photopic and scotopic
luminance. The significance for energy efficiency demon-
strated by this equation can be seen by comparing warm
white and daylight fluorescent lamps of equal wattages, in
which case the daylight illuminant will appear twice as
bright. The value of 0.9 in the above equation has some
uncertainty, and the second phase of this effort (to be
accomplished in 1989) will determine more precisely the
quantitative mix of photopic and scotopic spectrum that
correlates with perceived brightness.

The most compelling demonstration of rod contribu-
tion to brightness perception will be shown by the pupil
stimulator. This device, under development at LBL, will
allow brightness comparisons to be made with periodic
time, varying luminances where the oscillation rate can be
adjusted to occur below and above the rod fusion fre-
quency. Currently, the instrumentation is undergoing
revisions and the system optics are being altered in order
to incorporate the new, more intense light sources. These
new light sources will allow a much better focusing capa-
bility into the fiber optic system that was not very efficient
with the previous choice of light source, i.e., the tungsten
halogen lamps. The construction is expected to be com-
pleted during FY 1989.

The effects of pupil size on visual performance are
being studied by observing the contrast sensitivity of sub-
jects. The experimental protocols have been established
and the software developed to allow the equal-luminance
double grating to appear simultaneously on the TV screen.
Subjects will then choose which of the two presentations
is the grating, i.e., only one side of the rectangular page
projected will actually be a vertical grating (the other will
simply be a uniform equal-mean-luminance rectangular
patch). Figure 4 shows the chamber at the UCSF labora-
tory where the pupil measurements are performed.

Figure 4. Subject seated in lighting test chamber is being
prepared for pupil measurements by remote infrared pupi-
lometry. (CBB 870-10637)

Lighting Ergonomics

Discomfort Glare Studies

We have completed experimentation on the frequency
spectrum of pupillary unrest (hippus) under conditions of
the absence of discomfort glare and in the presence of
discomfort glare where the light levels were set to provide
equal mean pupil area. This condition is achieved by pro-
ducing the pupil size with a bright but large area source
while the discomfort glare condition is achieved with a
small, intense glare source in a relatively low-level uni-
form surrounding. The frequency spectrum is then deter-
mined by Fourier transform of the time, varying pupillary
unrest and the two lighting conditions compared. The
results show no observable differences in spectrum shape



or intensity. Our conclusion is therefore contrary to previ-
ous results and claims that argue for a difference on the
hippus spectrum.

Experiments planned for FY 1989 will test the
hypothesis that pupillary response is associated with the
sensation of discomfort glare. A pilot study on the influ-
ence of color on discomfort glare showed that for small
geometric sizes of the glare source, the sensation of
discomfort had a definite spectral response, with the more
blue or red portions of the spectrum being more effica-
cious in eliciting the discomfort. This preliminary result is
consistent with brightness perception for small sources.
This is the first known controlled effort on the spectral
response of discomfort glare, and this effort should give
lighting designers and users useful information about this
form of glare. The effort is anticipated to be completed
during FY 1989.

Electroretinogram Studies of Flicker

Microelectrode studies in the cat visual system as well
as visual evoked potential and electroretinogram (ERG)
studies in humans have demonstrated synchronous
responses to periodic time-varying stimuli at frequencies
higher than human perceptual fusion. We have deter-
mined the time-averaged ERG responses of two human
subjects who viewed text on a visual display unit (VDU)
at typical values of luminance and contrast. The refresh
rate of the VDU was varied in 5 Hz increments between
46 and 81 Hz. In addition, we measured the ERG
response in one subject with intense flickering light, pro-
vided by a projector and rotating sector disc, to examine
whether synchronous ERGs could be obtained at frequen-
cies as high as those found to produce responses in the cat
eletrophysiologic studies (100-120 Hz). For the VDU
stimulus, we found clearly identifiable synchronous ERG
responses at refresh rates as high as 71 Hz. Synchronous
responses to the more intense source were clearly evident
at frequencies as high as 162 Hz. Figure 5 shows subject
with the electroretinogram lens in place.

A further study was initiated to examine whether this
subject would show an ERG response when directly view-
ing a two-lamp fluorescent light fixture. Fluorescent
lamps conventionally operate on line frequencies of 50 Hz
in Europe and 60 Hz in the United States and provide
light output that is modulated and oscillating at twice this
line frequency. At these “high” frequencies, any conse-
quencies of “flickering” light level have been presumed to
be absent because the oscillation rate is above that per-
ceivable by humans. However, the subject showed a
direct physiologic response to fluorescent lamp modulation
in terms of synchronous retinal responses in electroretino-
gram measurements at frequencies even higher than the
120 Hz oscillation rate. Thus, there is some evidence of
responses to light oscillation even though they are not
directly perceived. Whether such responses could be
related to the reported symptoms of headaches and eyes-

train remains to be established. The studies are now

being prepared for submission for publication in the vision
science and lighting literature.
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Figure 5. Close-up view of subject with electroretinogram
lens inserted into left eye. Lens consists of a circular wire
on a contact plastic on the cornea and a silver speculum

resting against the sclera. (CBB 876-4387)
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